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ABSTRACT 
As world population increases, food security is an issue that needs to be addressed. There 
is a need to produce more food, particularly protein, to feed the growing population and lower 
hunger and diminish food insecurity. One of FAO (2018) targets is “ by 2030, end hunger and 
ensure access by all people, in particular the poor and people in vulnerable situations, including 
infants, to safe, nutritious and sufficient food all year round”.  Food security is linked not only to 
food quantity but also quality. Therefore, the question is: how, we, as animal scientists are going 
to address this objective? Improving dairy industry’s production, particularly N efficiency, can 
effectively improve the supply of milk and reduce ammonia emissions per unit of milk. 
Furthermore, a more ample knowledge on genetic milk protein variants could help to improve milk 
yield efficiency. Rumen protected (RP) technologies could help to lower the total amount of CP 
offered, and enhance milk production and N efficiency.  
The aim of a first study was to determine the effects of two RUP sources (processed 
soybean meal or a processed blend of canola meal and soybean meal) on digestibility, degradability, 
and performance of lactating dairy cows. Cows fed a RUP source based on canola and soybean 
meal (TCSM) had greater milk lactose concentrations and casein (CN) as a percentage of protein 
than cows fed a RUP source based on soybean meal (TSBM); and lower BHB and MUN 
concentrations compared to cows not receiving a RUP source (CON) and TSBM. Nitrogen intake 
was lower for cows fed TCSM, they had greater milk nitrogen efficiency compared to cows fed 
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CON and a tendency for lower urinary N excretion as a percentage of N intake than cows fed 
TSBM. Results suggested that diets containing certain type of RUP have the potential for 
improving milk CN concentration and N utilization, thereby reducing potential negative impacts 
on the environment. 
In a second study, 2 experiments were carried out. The objective of the first experiment 
was to test 8 encapsulated RP Lys prototypes (ADM). The second experiment had the objective to 
determine the short-term effects of RP and post-ruminal Lys (NPL) supplementation to dairy cows 
on protein and AA in blood, production of milk, and milk components. Plasma Lys concentration 
as a percentage of total amino acids was greater for cows fed a commercially available RP Lys 
(Ajinomoto) source throughout both experiments. There were no differences in plasma Lys 
concentration as a percentage of indispensable amino acids between cows fed the commercially 
RP Lys source and certain NPL prototypes. Cows fed NPL had greater milk yield and milk protein 
yield than cows fed the commercially RP Lys source.   
Lastly, a third study was performed to evaluate the correlation between Holstein cow’s 
genetic milk protein variants and diet (RDP) composition on feed intake and milk yield. We 
hypothesized that milk and milk protein yield differences among Holstein cows are due to the 
differences in dietary RDP:RUP proportions and not to cows’ genetic milk protein variant. Results 
indicated that under the conditions of the present study, cows fed lesser RDP and greater RUP 
proportions had greater milk, milk protein, casein, and lactose yields. There were no differences 
iv 
 
for casein as a percentage of protein between cows fed lesser or greater RDP proportions. Hence, 
diet manipulation, particularly RDP:RUP ratio, is a promising strategy to enhance milk and milk 
products quality.  There were differences in casein as a percentage of protein and numerical 
differences in milk and protein yield between homozygotes and heterozygotes for the three casein 
genetic variants (α, β, and κ). Selecting herds for desired milk protein alleles such as B_B 
homozygotes κ-CN, β-LG, and A1_A1 β-CN could beneficially impact the dairy industry by 
enhancing milk yields that yield greater quality and quantity cheese. Milk and milk protein yields 
differences were found between A1_A1 and A2_A2 cows but the genetic polymorphism of bovine 
β-CN and the impact of these two variants on human health still remains an open matter. 
 
 
 
 
 
 
 
Keywords: nitrogen efficiency; rumen-protected AA; rumen-protected protein, milk protein 
polymorphism  
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CHAPTER I. INTRODUCTION 
It is projected that world population will reach 9.3 billion inhabitants by the year 2030 
(Nakicenovic and Swart, 2000). As world population increased, milk consumption per capita per 
year increased about 1.19% unit in the last 4 decades (Figure 1.1, FAOSTAT, 2016). Following 
this trend, actual average of annual dairy milk consumption is 87 kg per capita and is expected to 
increase to 119 kg per capita by the year 2067 (Alexandratos and Bruinsma, 2012). Milk 
consumption per capita is expected to grow faster in developing countries than in developed 
countries (OECD/FAO 2015). It was estimated that about 82% of the milk produced worldwide 
comes from the 274 million dairy cow population, whereas the US represent about a 3.5% of this 
(FAOSTAT, 2016). Although more than 80% of the world’s food is produced by small family-
owned farms (FAO-IFAD-WFP, 2015) most of them are not food-secure (FAO, 2018). Food 
insecurity contributes to undernutrition (i.e.; greater risk of low birthweight and anemia in women 
of reproductive age) as well as overweight and obesity due to greater cost of nutritious foods, and 
the stress and physiological adaptations generated by food uncertainty. For about a decade, the 
prevalence of undernourishment of people was in decline but this trend has reached an end and 
now is in reverse (i.e.; 10.7% vs 10.9% in 2014 and 2017 respectively). Some of the many 
reasoning behind undernourishment increment are related to adverse climate and economic 
slowdowns events, and the instability in conflict-ridden regions that affected food security. It was 
estimated in 2017, about one person out of nine was undernourished and 10% of the population 
was exposed to severe food insecurity worldwide (i.e.; no food access for a day or more). In 2017, 
about 7.5% of children under 5 years were under wasting conditions (low weight-for-height ratio), 
about 22% were stunted, and 6% overweight (FAO, 2018). 
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Studies showed that people would be willing to pay more for food produced in a 
responsible manner (i.e.; environmentally friendly and caring about animal welfare) and that food 
safety is the highest priority for consumers (Appleby et al., 2003). In the last 3 decades the US has 
produced more milk with fewer and more efficient cows that consume 77% less feed per unit of 
milk produced [Table 1.1 (Martin et al., 2017)]. It is expected that dairies that produce at greater 
scales are the ones that will meet the future demand and quality standards for milk. For example, 
the US and New Zealand are projected to double their annual milk or milk solids yield by the year 
2067 (Britt et al., 2018). However, to satisfy the increase in human protein needs (i.e.; milk or 
meat) dairies need to face it in an environmentally friendly manner that allows them to be more 
efficient and profitable. Dairy farms are pointed to as one of the greater contributors of N2O 
coming mainly from their long-term manure storage lagoons and emissions from cropland 
fertilized with N fertilizer or manure (Place and Mitloehner, 2010). Although low-nitrogen inputs 
systems can enhance low-fertility soils and crop yield by manure spreading (Powell, 2014), these 
systems are typically characterized by low performance and poor efficiency of production making 
them an issue on the stability and resilience of food systems (FAO-IFAD-WFP, 2015). 
Furthermore, long-term manure storage, fresh manure, and manure spreading are the main sources 
of NH3 emissions from dairies that contribute to human respiratory health problems, and aquatic 
eutrophication and acidification (Place and Mitloehner, 2010). For example, dairies in the Upper 
Midwest are suspected to contribute to hypoxia in the Gulf of Mexico (Martin et al., 2017). 
Although dairy cows N efficiency is greater than in other ruminants, they excrete up to 3 times 
more N in their manure than in their milk (Broderick, 2003), resulting in increased milk production 
costs and environmental concerns related to N pollution. For example, when cows are fed diets 
with high concentration of rumen-degradable protein (RDP), large amounts of NH3 are produced 
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in the rumen, absorbed into the blood, converted into urea in the liver, and excreted in the urine. 
Bacterial enzyme urease present in the manure rapidly hydrolyze urinary urea into NH3, posteriorly 
release into the environment (Muck, 1982). Increasing dietary CP from 16.5 to 18.5% did not elicit 
milk yield or protein yield increments (Broderick, 2003; Bahrami-Yekdangi et al., 2014). 
Additionally, overfeeding RUP reduced metabolizable protein (MP) utilization for milk protein 
synthesis (Broderick, 2006). A 2.8% unit reduction in RDP led to a 29% reduction in urinary N 
excretion and ton an increment on milk N efficiency (Kalscheur et al., 2006). Hence to meet MP 
requirements without excessive N, rations must be balanced for RUP and RDP. Balancing diets 
for optimum RDP, RUP, and AA could be an effective nutritional strategy for the dairy industry 
to reduce feeding costs and environmental impacts and at the same time increase milk and milk 
protein yield. 
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TABLE AND FIGURE 
Table 1.1. Changes in the U.S. dairy industry from 1992 to 2006. Adapted from USDA (2017) 
Year Cows1 Replacement heifers2 Operations3 Milk Production4 Milk Prices5 
1997 9,318  4,058  123,700 7653 15.50 
1998 9,199  3,986  117,145 7795 14.40 
1999 9,128  4,069  110,855 8057 12.30 
2000 9,183  4,000  105,055 8254 15.00 
2001 9,172  4,057  97,460 8238 12.10 
2002 9,106  4,055  91,240 8440 12.50 
2003 9,142  4,114  86,360 8509 16.10 
2004 8,988  4,018  81,520 8600 15.10 
2005 9,004  4,117  78,300 8868 12.90 
2006 9,104  4,298  75,140 9024 19.10 
2007 9,145  4,325  - 9164 18.30 
2008 9,257  4,415  - 9252 12.80 
2009 9,333  4,410  - 9326 16.30 
2010 9,087  4,551  - 9590 20.10 
2011 9,156  4,577  - 9677 18.50 
2012 9,236  4,618  - 9853 20.10 
2013 9,221  4,546  - 9896 24.00 
2014 9,208  4,549  - 10097 17.10 
2015 9,307  4,710  - 10159 16.30 
2016 9,310  4,814  - 10332 17.60 
2017 9,346  4,754  - 10406 15.50 
1 Total number of U.S. cows = number of milk cows and heifers that have calved x 1,000. 
2 Total number of U.S. replacement heifers = number of replacement heifers x 1,000.  
3 Total number of U.S. operations. 
4 Average milk production per cow (kg/year).  
5 Annual milk prices (U.S. dollars) paid to producers per 50.80 kg of milk (cwt). 
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Figure 1.1. Milk consumption (kg/capita/y) and population (hundred million) growth in the las 
4 decades. Adapted from FAOSTAT (2016). 
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CHAPTER II. LITERATURE REVIEW 
INTRODUCTION 
Animals’ maintenance, growth and development, reproduction, lactation and survival 
functions depend on nutrition. Feedstuffs are constituted by water and dry matter (DM). The later 
one contains inorganic (i.e.; micro and macro minerals) and organic compounds (i.e.; 
carbohydrates, lipids, proteins, and vitamins). Any material used for feed such as grains, by 
products (i.e.; milling or animal), premixes (i.e.; vitamin or mineral), fats, oils, or any other 
nutritional source is considered as feedstuffs  (McDonald et al., 2011). 
Proteins chemistry 
The word protein derived from the Greek word 𝜋𝜌𝜊𝜏𝜀𝜄𝜊𝜍 that means primary. Proteins are 
complex organic compounds of high molecular weight that contain Carbon (C), Hydrogen (H), 
Oxygen (O), Nitrogen (N), and generally Sulphur (S). Proteins, the major nitrogenous 
macronutrient in foods and the fundamental component of animal tissues, are large polymer of AA 
linked via peptide bonds. Proteins can be classified according to their structure, solubility in water 
(hydrophobic or hydrophilic), overall shape (globular or fibrous), or biological functions (NRC 
2001; Wu, 2009). Proteins have four orders of structures as follow: primary, secondary, tertiary, 
and quaternary structure (Figure 2.1). Secondary, tertiary, and quaternary structures, as well as 
protein biological functions are determined by its primary sequence of AA. The secondary 
structure refers to the AA conformational and the most commonly observed types are the α-helix, 
a rigid-rodlike structure; and the β-pleated sheet, a parallel or antiparallel fully extended strand. 
Tertiary structure describes secondary chain interaction that causes folding and responsible the 
biological activity of each protein. Proteins possess quaternary structure if they contain more than 
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one polypeptide chain and refers to their spatial arrangements (McDonald et al., 2011; Wu, 2016). 
Dietary protein structures influence animal-source proteases susceptibility. For instance, α- and β-
keratins that consist on α-helical and stacked β-sheets structure respectively, cannot be hydrolyzed 
by mammals’ digestive proteases. Conversely, CN that contains limited α-helix and β-sheet 
secondary structure, and no tertiary structure can be easily degraded by mammals’ digestive 
proteases (Wu, 2016). According to their solubility in water, proteins can be classified as albumins 
(soluble in water and alkali solutions), globulins (soluble in salt and alkali solutions), glutelins 
(soluble only in alkali solutions), prolamines (soluble in alcohol and alkali solutions), and histones 
[soluble in water and salt solutions; (Van Soest, 1982; NRC, 2001]. All of these protein fractions 
are found in feedstuffs at different proportions; for example, soybean contain up to 95% globulins 
and cereal grains and by-product feeds derived from cereal grains contain greater proportions of 
glutelins and prolamines (Van Soest, 1994; NRC, 2001). 
Crude Protein (CP) can be defined as the N content of feedstuffs multiplies by a constant 
factor of 6.25. This factor relies on the assumption that AA, on average, contain 16% N but some 
AA contain less or more N. Crude protein is considered a “proximate” value because up to 80% 
of the N present is associated with true proteins whereas the remaining N is categorized as 
nonprotein N [NPN (i.e.; peptides, NH3, nitrates, and AA)] and lignified N (Van Soest, 1982, Wu, 
2009). Legumes and grasses forages contain the most variable concentrations of NPN. For 
instance, legumes (i.e.; Alfalfa, Clovers) contain about 15-20% CP, warm season grasses [C4 (i.e.; 
Sudangrass)] contain up to 10% CP, and cool season grasses [C3 (i.e.; Tall fescue, Orchardgrass)] 
between 10-18% of CP (Barnes and Nelson, 1995). Additionally, feed processing can lead to 
variations in N proportions. Ensilaging or haying processes can lead to greater NPN amounts than 
fresh due to the plant and microbial enzymes (i.e.; proteases and peptidases) responsible for the 
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proteolysis that happens during fermentation (Van Soest, 1994). The main difference between 
fresh and fermented forage is that the later ones have greater proportions of amines, NH3, and free 
AA and lower proportions of nitrate and peptides (Van Soest, 1994). Non-forage feeds NPN 
contents are around a 12% of CP (Van Soest, 1994; NRC, 2001). Dietary CP is composed by 
rumen-degradable protein (RDP) and rumen-undegradable protein (RUP). The former one 
provides a mixture of peptides, free AA, and NH3 for microbial growth and synthesis of microbial 
protein. Rumen-undegradable protein, the second most important source of absorbable AA to the 
animal, is the CP proportion that is not degraded in the rumen and in conjunction with the microbial 
protein forms the metabolizable protein (MP). 
Amino acids chemistry 
Amino acids are molecules that contain an amino (−NH2) and carboxylic group (−COOH). 
Amino acids have equal or greater to 2 C and the one adjacent to the primary acid group is labeled 
as α-carbon. Carbon atoms further the α-carbon are named in sequence according to the Greek 
alphabet (i.e.; ß-, γ-, δ-, or ε-carbon).  Amino acids are named according to what C the amino group 
is linked to, for example in a ε-AA, the amino group is linked to ε-C.  Amino acids have different 
number of amino and acid groups, and side-chain groups (Greenstein and Winitz, 1961). Amino 
acids chemical properties are greatly affected by the differences in the side chains. There are over 
200 AA essential for basic biochemical functions of the animal but only 20 AA are considered the 
building blocks of proteins (McDonald et al., 2011). Amino acids can be classified according to 
their role in animal nutrition as dispensable (DAA) or indispensable (IAA); according to their 
transport affinities or on the basis of catabolic fate of the carbon skeleton (Table 2.1). Dispensable 
AA can be synthetized by cows and are not required to be absorbed from the gastrointestinal tract. 
On the other hand, IAA cannot be synthetized in a sufficient amount to support a normal function 
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and productivity, and have to be absorbed from the gastrointestinal tract. Although Met and Lys 
are considered as the first and second limiting AA (Schwab et al., 1976), His has been proposed 
to be the first limiting AA for dairy cows fed corn silage and alfalfa haylage based diets (Lee et 
al., 2012). 
Digestion 
Protein digestion is the chemical disintegration process in the digestive system that yields 
smaller molecules suitable for the animal assimilation. This process differ markedly between 
ruminant and non-ruminant (Figure 2.2). In the later ones, protein digestion is initiated in the 
stomach and most digestion occurs in the small intestine (SI). In a first step in the stomach, after 
zymogens are activated by gastric acid and dietary proteins are denaturized and digested by active 
gastric proteases to form large peptides. Subsequently, large peptides and undigested proteins are 
hydrolyzed in the SI, particularly in the jejunum, by pancreatic and enterocyte proteases (Table 
2.2) and posteriorly absorbed into the enterocytes via AA and peptide transporters (Matthews, 
2000). Ruminants have 3 non-glandular compartments (rumen, reticulum, and omasum) and a 
glandular stomach (abomasum) that support extensive digestion and fermentation of feedstuffs 
proteins and AA by anaerobic microorganisms as well as microbial metabolism and propagation 
(Broderick et al., 1991b). Absorption of free AA and small peptides happens in the enterocytes. 
Before weaning, calves utilize dietary protein in the same manner as non-ruminants do. After 
weaning and with the development of a functional rumen, they can convert low-quality feeds into 
organic molecules required for the synthesis of AA, protein, glucose, and fatty acids. When 
ruminants are provided with sufficient fermentable carbohydrates, they can effectively utilize NPN 
sources such as urea and NH3 to synthesized AA and microbial protein in the rumen. 
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Ruminant diets must provide an adequate amount of RDP to assure maximal feed intake 
and ruminal microbial growth to enhance nutrients digestibility (Firkins and Yu, 2015). The rumen 
microbiome has different strains and species of bacteria, protozoa, and anaerobic fungi (Firkins et 
al., 1998). Dietary protein can extensively be degraded by extracellular proteases and peptidases 
of ruminal bacteria (Table 2.3). About 40% of ruminal bacteria have proteolytic activity, with 
Prevotella ruminicola the most numerous one (Nagaraja 2016); followed by Butyrivibrio 
fibrisolvens, and Ruminobacter amylophilus the one present on the lowest concentrations but with 
the highest proteolytic activity (Wu, 2016). Microbial proteases hydrolyze dietary protein into 
small peptides, free AA, and NH3. These products can be taken up by the various species of 
microbes present in the rumen (Figure 2.3). Ruminal bacteria, quantitatively the major protein 
synthesis source (McDonald et al., 2011), can take up small peptides, free AA, and NH3, whereas 
ruminal fungi can only take up small amount of them. Conversely, ruminal protozoa cannot take 
up NH3 and they can only take up small amount of di- and tri- peptides, and free AAs. Once taken 
up by the various species of microbes, free AA can be used for the production of 4 different 
products: 1) NH3, microbial protein, and NPN; 2) pyruvate and short-chain FA (Acetate, Butyrate, 
and Propionate); 3) branched-chain FA; and 4) CO2 and CH4. Up to 80% of microbial N is derived 
from NH3. As aforementioned, ruminal protozoa cannot utilize NH3 to build up protein, but they 
can to do it by engulfing bacteria. The final step in the conversion of dietary protein into NH3 
corresponds to AA breakdown. Amino acids are usually degraded in a faster rate than utilized by 
ruminal microorganisms, therefore AA are the most important source of NH3 in the rumen (Al-
Rabbat et al., 1971; Chalupa, 1976). Ammonia production can be limited by the rate of uptake of 
peptides or AA into cells due to the microorganisms’ high capacity for deamination (Atasoglu and 
Wallace, 2003). There are differences between the extent in which peptide-bound AA and free AA 
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are taken up into cells and peptides accumulation rate varies with diets (i.e.; interaction between 
certain AA). For example, Arg and Thr are hydrolyzed faster (0.5–0.9 mmol h-1) than Lys, Leu, 
and Ile (0.2–0.3 mmol h-1); and Val and Met are the least rapidly degraded [0.10–0.14 mmol h-1, 
(Chalupa, 1976)]. 
The extent in which proteins are degraded in the rumen is related to dietary CP content, 
more specifically RDP and RUP proportions, and is highly influenced by diet composition, the 
overall microbial ecosystem, and ruminal passage rate (NRC, 2011; Firkins and Yu, 2015; 
Nagaraja, 2016). Hence, dietary protein digestion varies from 30% for less soluble proteins (high 
RUP content) to 85% for most diets [high RDP content (NRC, 2001; Wu, 2009)]. It is important 
to know the ruminal degradation of feed proteins in order to formulate diets. There are different 
models to describe dietary CP fractions. The Cornell Net Carbohydrate Protein System (CNCPS) 
divided CP into 5 fractions with different rates of ruminal degradation: A, B1, B2, B3, and C that 
sum the unit (Sniffen et al., 1992). Fraction A corresponds to the NPN and is the percentage of CP 
that is instantaneously solubilized at time zero. It assumes to have a degradation rate (kd) equals 
to infinity and it is determined chemically as that proportion of CP that is soluble in borate-
phosphate buffer but not precipitated with the protein denaturant, trichloroacetic acetic. The B 
fractions represent the potentially degradable true protein. Fraction B1 corresponds to the % CP 
soluble in borate-phosphate buffer and precipitated with TCA. Fraction B3 is calculated as the 
difference between the portions of total CP recovered with NDF and ADF (i.e.; fraction C); and 
fraction B2 is the remaining CP (i.e.; CP minus the sum of A, B1, B3, and C fractions). Fraction 
C corresponds to the undegradable proportion, is determined chemically as the percentage of total 
CP recovered with ADF. It contains proteins associated with lignin and tannins and heat-damaged 
proteins such as the Maillard reaction products (Sniffen et al., 1992). To describe in situ ruminal 
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protein degradation the most widely used model divides feed CP into fractions A, B, and C. 
Fraction A consist of the NPN % CP and a small amount of true protein that rapidly escapes from 
the in situ bag (i.e.; high solubility or very small particle size). Fraction C is the % CP that is 
completely undegradable and generally determined as the feed CP remaining in the bag at a defined 
end-point of degradation. And fraction B, the only fraction that can be affected by relative rates of 
passage, is the remaining CP. Ruminal microbial access is the most important factor affecting 
protein degradation rate and extent. For example, proteins with extensive cross-linking (i.e.; 
disulfide bonding in albumins and immunoglobulins) or cross-links (i.e.; chemical or heat 
treatment) are degraded more slowly due to the lower proteolytic enzymes access. Although diets 
need to be formulated with the lower CP percentage that provides an adequate MP closer to the 
requirements, current models cannot still accurately predict nutrient MP supply. Because of this, 
feeds libraries need to be updated to provide accurate estimates of proteins and AA intestinal 
digestibility in order predict their adequate supplies. For this purpose, an in vitro assay that 
determines intestinally unavailable N and might provide an adequate assessment of intestinal 
digestibility of ruminal bacteria and protozoa was developed by Ross et al. (2013). The advantage 
of this essay is that it take into consideration some issues that contribute to greater variability in 
feed analysis (i.e.; expensive and extensive cannulation procedures, poor retention of small 
particles, and non-physiologic or species-specific enzyme activities). 
The combination of microbial protein (bacteria and protozoa), peptides, and AA, as well 
as RUP that escapes the rumen and is available for absorption by the small intestine is considered 
as MP. Although proteins digestion in the abomasum and SI of ruminants is qualitatively similar 
to what happens in non-ruminants (Xue et al., 2010), there are some quantitative differences. The 
main difference is that up to 90% of the protein entering the abomasum and SI could be of 
16 
 
microbial origin in ruminants, hence the abomasum can efficiently break down bacterial cell by 
secreting larger amounts of gastric lysozymes. This are mostly active at pH 2-3 and can hydrolyze 
β-1,4 glyosidic linkages of membrane polysaccharides (Irwin, 1995; Irwin and Wilson, 1990). 
There are some differences between ruminal bacteria and ruminal protozoa digestibility. Ruminal 
protozoa cell membrane do not have β-1,4-linked polysaccharides, therefore, lysozymes are not 
required and protozoa are denatured by HCl and pepsin in the abomasum or by trypsin in the SI to 
generate large peptides (Hook et al., 2012; Wu, 2016). Microbial and protozoal protein true 
digestibility are about 80% and 90% respectively in cows (NRC 2001; McDonald et al., 2011). 
Secondly, activation and peak activity of pancreatic proteases occur in the mid-jejunum in 
ruminants, rather than in the duodenum in non-ruminants. Another difference, is the greater 
activity of nucleases in ruminants’ pancreatic juice as a mechanism of adaptation to the high 
content of nucleic acid in microbial cells (Wu, 2009).  
Absorption and transport 
Small peptides and free AA are majorly absorbed in the jejunum, followed by the ileum 
and duodenum. The peptide transporter 1 (PepT1) is responsible for directly transporting AA or 
peptides containing less of four AA residues (i.e.; dipeptides or tripeptides) into the lumen of the 
SI. At the apical membrane, enterocytes take up free AA from the lumen via Na+-dependent 
systems (i.e.; A, ASC, B, Gly, X-AG ), or Na+-independent systems [i.e.; L, X
-
c, CAT, y
+L; (Wu, 
2009)]. Not necessary all the same transporter are located at both the apical and basolateral 
membrane. The later one is more permeable to AA than their apical membrane meaning that some 
simple diffusion can occur but the most common AA transporter are either Na+-dependent systems 
(i.e.; A, ASC), or Na+-independent systems [i.e.; L, , y+L; (Wu, 2016)]. Amino acid pass across 
the intestinal wall to be degraded by bacteria in the SI or catabolized by the tissues or to be 
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incorporated into intestinal proteins (i.e.; constitutive or secretions). In ruminants, protein 
synthesis by the gastrointestinal tract accounts for up to 35% of whole body protein synthesis 
(Lobley et al., 1980; Lapierre et al., 1999).  
Dietary nitrogenous compounds that were not absorbed in the SI undergo microbial 
fermentation in the large intestine (LI) to produce protein, NH3, and SCFAs (Bergen and Wu, 
2009), allowing to remove any NH3 excess. However, as in non-ruminants, this microbial protein 
synthesis has little nutritive value because it cannot be absorbed into the colonocytes. Recycling 
of blood NH3 and urea also contributes to the N pool in the LI (Wu, 2016).    
Nitrogen recycling in ruminants 
Ammonia produced in the rumen and not utilized by microorganisms enters into blood 
circulation and converted into urea via the urea cycle, playing an important role in inter-organ AA 
metabolism (Figure 2.4). In ruminants, urea can directly reach the rumen though saliva (10-40%) 
or across rumen epithelium thanks to urea transporter (i.e.; UT-B and UT-A) that take it up from 
arterial blood (Wu, 2013; Wu, 2016). Once in the rumen, bacterial urease can rapidly hydrolyze 
urea into NH3 and CO2 (Houpt and Houpt, 1968). Ammonia can increase ruminal pH by taking up 
H+ to form NH4
+. Then, NH3 is either utilized to synthesize AA and nucleotides required for 
microbial growth or, as aforementioned, it enters into blood circulation and re-directed to the liver 
for urea synthesis (Huntington, 1986). 
The percentage of urea that is either excreted in urine or recycled for further utilization is 
correlated with the percentage of CP in the diet. In cows fed diets with greater concentrate: forage 
ratio, about 17% of urea reaching the rumen is coming from saliva. Conversely, cows fed diets 
with lower concentrate: forage ratio; up to 36% of urea reaching the rumen is coming from saliva 
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(Lapierre and Lobley, 2001). Harmeyer and Martens (1980) estimated that between 40 and 80% 
of urea-N synthesized by the liver enters the ruminant gut. When cows are fed diets containing 
less than 13% of CP, ruminal microbes can maximize urea utilization. Hence, urea has been an 
excellent NPN supplement source for decades but there are some safety issues that need to be 
addressed when supplementing urea. A safe inclusion of urea in diets depends on different factors 
such as protein and carbohydrates concentration and quality (i.e.; digestibility) of the diet, adequate 
trace minerals, S, and P supply. For instance, for cows fed high concentrate diets, urea percentage 
should not be greater than 1% and when they are fed high forage diets, especially low CP hay, urea 
levels should be less than 1%. Urea toxicity is due to an increase in the rumen pH and subsequent 
reduction in bacterial growth and activity and an alteration of circulation’s acid–base balance. 
Furthermore, there is an increment on α-ketoglutarate from the TCA cycle that negatively impact 
ATP cellular production, particular central nervous system cells. Moreover, O2 supply to vital 
organs, particularly the brain, is compromised due to greater Gln synthesis and NO synthesis from 
Arg inhibition in endothelial cells (Wu, 2016).  
Amino acids catabolism and milk protein synthesis 
Mammary AA transporter can be either Na+-dependent s (i.e.; A, ASC, X-AG), or Na+-
independent systems [i.e.; L, CAT, y+L; (Wu, 2009)]. Catabolism of most of the IAA is mainly 
restricted to the liver and kidney with the exception of the branched-chain AA for which the 
catabolic enzymes are widely distributed in ruminant tissues (Goodwin et al., 1987). Although 
there is still limited data available about AA oxidation in the gut of dairy cows, Lobley and 
Lapierre (2001) proposed that dispensable AA are not oxidized across the ruminant gut with the 
exception of the branched-chained AA and perhaps Lys. Amino acids absorbed into the portal vein 
flow to the liver where they can have three different fates: serve for protein synthesis and be 
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exported as plasma proteins, be oxidized to urea, or pass directly through and become available to 
peripheral tissues. Amino acids like Ala and Glu have greater liver extraction due to their 
gluconeogenic functions and for being NH3 and amino-groups shuttles between peripheral tissues 
and liver (Bequette et al., 2003).   
Dispensable AA can be classified in two major groups according to the site where they are 
catabolized. The first group includes Met, His, and Phe; the second group contains the branched-
chain AA (Ile, Leu, and Val), Arg, Lys, and Thr (Clark, 1975; Mepham, 1982; Doelman et al., 
2015). Amino acids from group I have greater hepatic removal than Group II and their fate in the 
mammary gland is mostly for milk protein secretion and are not catabolized for further IAA 
synthesis (Mepham, 1982; Doepel and Lapierre, 2010). Conversely, AA from Group II are an 
excellent source of amino groups for DAA synthesis due to their greater catabolism in the 
mammary gland (Mepham, 1982). Although AA in Group I have a mammary uptake to milk 
protein output ratio of 1:1, their efficiency of transfer as well as the one in Group II can be 
decreased when protein supply is increased. The reasoning behind this lower efficiency is because 
of a greater hepatic removal of AA from Group II and catabolism of AA of Group I in peripheral 
tissues, particularly in the mammary gland (Lapierre et al., 2005). 
The mammary gland is a site of extensive synthesis and degradation of AA where AA 
metabolic pathways occurs in similar but more prominent way than in other tissues due to the high 
milk protein synthesis requirement (Bequette et al., 2003).  Dispensable AA can be taken up in a 
sufficient (i.e.; Group I) or excessive (i.e.; Group II) manner by the mammary gland to synthesize 
milk protein. Conversely, IAA uptake cannot account for all the IAA that are incorporated into 
milk protein; hence, the mammary gland use the C and N coming from the catabolism of AA  that 
are taken up in excess (i.e.; Group II) to synthesize new IAA (Clark, 1975; Doepel et al., 2004; 
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Doepel and Lapierre, 2010). Studies performed in vitro and in vivo with labeled C and N showed 
that the C from Leu was incorporated into Glu (Wohlt et al., 1977) and the N from Leu and Lys 
into different DAA such as Ala, Glu, Ser, and BCA (Rubert-Aleman et al., 1999; Lapierre et al., 
2003).   
It has been hypothesized that providing cows with adequate levels of DAA could alleviate 
the need to catabolize AA in order to synthesize milk protein. However several studies failed to 
support the premise. In a study performed by Rulquin (1986), there were no difference in milk 
protein yield in cows infused with only DAA compared to cows infused  with DAA and IAA (25% 
and 75% of the total AA, respectively). In another study, cows that were infused with IAA and 
DAA did not have greater milk protein yield compared with cows that were only infused with IAA 
(Metcalf et al., 1996). Furthermore, Doepel and Lapierre (2010) found that IAA was not a limiting 
factor for milk protein synthesis in cows with a deficient MP supply. On average, the literature 
reports an increment in milk yield and milk protein yield when cows are fed different type of 
rumen-protected (RP) AA. Cows fed RP Met had significantly increased either milk protein 
percentage or milk protein yield (Patton, 2010). Lys supply increments led to greater Lys 
mammary gland uptakes for DAA synthesis (Lapierre et al., 2009) and promoted milk protein 
synthesis at the same time that suppressed protein degradation by mammary epithelia cells and 
improved β-CN synthesis (Lin et al., 2018). Furthermore, cows fed MP deficient diets and 
supplemented with RP AA (i.e.; His, Lys, and Met) had greater milk yield and milk protein yield 
(Lee et al., 2012; Giallongo et al., 2016).  
Although milk protein synthesis in response to different types of AA is not perfectly 
understood, it is well known that AA uptake depends on the profile and concentrations of AA that 
are available to the mammary gland (Doepel et all., 204; Doepel and Lapierre, 2010). Hence, it is 
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necessary a better understanding of AA metabolism in dairy cows in order to improve milk N 
efficiency and reduce it excretion to the environment.  
RUMEN PROTECTED TECHNOLOGY 
As aforementioned, ruminants are unique animals that can convert NPN and low quality 
protein from their diets into a high protein quality product (i.e.; meat, milk) for human consumption 
without the need of competing with non-ruminants (i.e.; swine, humans) for the natural sources. 
However, when compared to the later ones, ruminants are not as efficient when utilizing N due to 
ruminal digestion and extensive AA catabolism in the gastrointestinal tract, and low protein 
synthesis rate in tissues (Wu et al., 2014). For instance, in dairy cows up to 35% of the N in the 
diet is secreted in milk and the remaining 65% is lost as nitrogenous compounds in the feces and 
urine.  
Rumen protected protein or rumen-undegradable protein (RUP) 
High-quality dietary protein degradation by ruminal microbes is not only a waste because 
microbes do not use all of it for their own protein synthesis but also because it requires large 
amounts of energy.  Hence, providing a RP source of high quality protein or AA to dairy cows 
enhances N efficiency and improves environmental impact due to lower NH3 emissions. According 
to NRC (2001), milk production can increase about 1.85 kg per percentage unit increase in RUP 
consumed. Feeding adequate amounts of RUP can improve amino acid absorption by dairy cows 
Schwab (1995). Rumen protected proteins have been processed or treated in order to increase their 
flow to the abomasum without significant modifications in the rumen (i.e.; decreased 
degradability) and to be available in the intestine [i.e.; increase digestibility (NRC, 2001)]. The 
biggest challenge is to find an inexpensive method without altering the quality of the product. 
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Rumen protected proteins methods can be grouped into three categories: mechanical, chemical, or 
a combination of both (Broderick et al., 1991a; Schwab, 1995).     
Heat processing (dry or with added moisture) is one of the earliest and primarily 
mechanical method used to protect proteins from ruminal degradability. This is achieved due to 
Maillard reaction (i.e. protein denaturation and protein-carbohydrate formation) and protein cross-
links. Overheating can lead to the formation of Maillard products and protein complexes (Van 
Soest, 1994) and so, to reduced RUP intestinal digestibility and availability of Lys, Cys, and Arg 
(Parsons et al., 1992). Conversely, the effects of under heating is a small increase in RUP. Hence, 
heating conditions have to be carefully controlled to minimize AA losses, especially Lys, with no 
adverse effects on its post-ruminal digestion while decreasing ruminal degradation. Autoclaving 
cottonseed for 60 minutes significantly decreased its ruminal degradation without decreasing its 
intestinal digestibility but autoclaving for 120 minutes significantly decreased its intestinal 
digestibility without increasing its ruminal degradation (Craig and Broderick, 1981). Additionally, 
extending autoclaving time longer than 60 minutes greatly affected intestinal available Lys content 
(96% vs 63% availability at 60 and 120 minutes, respectively). Commercially available methods 
include expeller processing of oilseeds, roasting (flame drying), micronization (infrared cooking), 
and extrusion. Roasting is often used to treat oilseeds or oilseeds meals due to the resulting 
enhanced palatability, a more inert fart in the rumen, and it is the most efficient dry heat method 
(Schwab, 1995).  In the 70’s, Tamminga (1979) found that certain animal proteins were more 
resistant to ruminal degradation than vegetal proteins due to increased water insolubility associated 
with the heating process during which potential pathogens and proteases are inactivated. Blood 
coating and hydrogenated lipid layers are the common methods for physical encapsulation of 
proteins (Wu, 2016). 
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Chemical methods have the ability of create pH-dependent modification that allows protein 
to escape the rumen without being degraded and be reversed by the lower pH conditions in the 
abomasum and proximal duodenum (Schwab, 1995). They can be classified in 3 major categories: 
chemicals that creates cross-links in proteins that decrease protein solubility and proteolysis (i.e.; 
aldehydes), those that elicit protein denaturation and therefore alter structure (i.e.; acids, alkalis, 
and ethanol); and ones that bind to proteins without altering their structure [i.e.; tannins (Broderick 
et al., 1991a; Schwab, 1995; NRC, 2001)]. Although formaldehyde has been proven to inhibit 
proteolysis during silage fermentation and to prevent protein degradation in the rumen, it use is 
prohibited in the US and some other countries due to its potential carcinogenic risk to those who 
treat feed with formaldehyde. Additionally, formaldehyde application rate depends on a variety of 
factors such as particle size and the content of RUP, DM, and carbohydrates. Hence determining 
the optimal rate of formaldehyde could be challenging (Schwab, 1995). Research demonstrated 
the effectiveness of sodium hydroxide to protect proteins such as soy and canola from ruminal 
degradation without altering their digestibility and AA availability (Mir et al., 1984). The use of 
tannins to reduce protein ruminal degradability of proteins has gain popularity because of its 
organic origin and so its scope in organic dairy farms (Bunglavan and Dutta, 2013). Either 
condensed or hydrolysable tannins have high affinity for proteins due to their great number of 
phenolic groups, which make them a promising alternative to lower ruminal protein degradability 
without altering intestinal digestibility. Although ruminal protein degradability was reduced in in 
vitro analysis, results in vivo results were not very consistent (Frutos et al., 2004).   
The use of combined treatments (heat and chemical) represents an attractive alternative to 
reduce the negative effect of AA losses when heat treating proteins. Heavy metals precipitate 
soluble proteins, for example, it was suggested by Karr et al. (1991) that zinc salts may reduce 
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protein ruminal proteolysis due to an inactivation of proteolytic enzymes. The combination of 
ZnSO4 and heat reduced ruminal degradability of oilseed meals (Schwab, 1995). Furthermore, 
treating SBM with Zn resulted in a reduction of its ruminal degradation but neither its intestinal 
digestion nor the AA supply to the small intestine was increased (Cecava et al., 1993). Heat treating 
SBM (i.e.; expeller) can protect it from ruminal degradation by about 50% but the addition of 
reducing sugars before heating allows a protection from ruminal degradation up to 80%. Protein 
ruminal degradability is reduced due to an enhanced Maillard reaction attributable to the 
availability of sugar aldehydes to react with proteins (Broderick et al., 1991a; Schwab, 1995). 
Amino acid production and rumen protected AA 
Amino acid production started at the beginning of 1900s to prepare sodium glutamate from 
seaweed.  Amino acids can be produced by fermentation technology, chemical synthesis, or 
isolation from protein hydrolysates. Microorganisms, as all other organisms, produce L-AA, hence 
AA produced by biotechnology are identical to the ones found in animal or plants proteins of plants 
and animals. Biotechnology production of L-threonine, L-lysine, and L-tryptophan by 
microorganism fermentation of substrates derived from crop plants started in the 1960-80s, L-
threonine industrial production at a large scale in the 1980s. Synthetic Met production began in 
the 1950s, being chemically rather than biotechnologically synthesized. The former method allows 
the production of DL-methionine at lower costs avoiding the complexity of the Met biosynthetic 
pathways and all animals have the ability to convert D-isomer into the L-form.  Other AA such as 
L-cystine and L-tyrosine can be produced by animal (i.e.; feather meal) or plants hydrolysis and 
AA followed by the individual AA separation (Wallace and Chesson, 2008). Lysine production on 
an industrial scale started in 1960 as its importance on feed formulation began to be considered. 
At the beginning, Lys was produced by chemical synthesis but this technique was expensive. Then, 
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specialized microorganisms were able to produce L-Lys by fermenting crop plant substrates such 
as sugar beet molasses or cornstarch hydrolysates. Mutants of Corynebacterium and 
Brevibacterium (glutamic-acid-producing auxotroph) or organisms resistant to the Lys 
antimetabolite S-(3-aminoethyl)-L-cysteine. Actually, conventional mutation techniques and 
recombinant DNA technologies are used to obtain high-Lys producing strains (Wallace and 
Chesson, 2008).  
Rumen protected AA methods can be grouped into three categories: analogs and 
derivatives AA synthesis, encapsulation with ruminal-inert, pH-sensitive materials; and 
encapsulation with lipids (Schwab, 1995). Amino acid analogs and derivatives offer an alternative 
to reduced free AA instability and their rapidly degradation in the rumen. The former ones are 
obtained by the substitution of the 𝛼-amino group with a non-nitrogenous group. Amino acid 
derivatives consist in a modification of a free AA by adding a chemical blocking group to the 𝛼-
amino group or by modifying the acyl group (Schwab, 1995). Encapsulation is the process in which 
polymer layers or microfilms are applied to liquid droplets or small particles with the objective to 
protect this material and allow it posterior release on. Encapsulation technologies started around 
the 1930s when drugs were microencapsulated with gelatin coating. Coating materials can be up 
to 70% of the capsules by weight, they are non-reactive and insoluble in the core; and their 
thickness determined capsules stability and permeability. Capsules size can vary from sub-micron 
to pea-sized particles (Balassa et al., 1971). The most common coating materials are lipids (i.e.; 
wax, stearic acid, oils, fats, etc.) and inorganic materials (i.e.; calcium sulfate, clays, silicate). The 
different encapsulation techniques are: spray (i.e.; drying, chilling and cooling), liposome 
entrapment, inclusion complexation, air suspension coating, and extrusion, among others (Balassa 
et al., 1971; Jackson and Lee, 1991). Encapsulation with ruminal-inert, pH-sensitive polymers 
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yield a product that is insoluble at a neutral pH (i.e.; ruminal environment, pH 5 to 7) but soluble 
at an acid pH (i.e.; abomasum, pH 2 to 3) and thus polymer coated products are defined as rumen-
stable products rather than  slow-release products. Lipid encapsulation technologies utilize safe 
and readily available materials but it still remains a challenge to find the ideal coating material that 
provides consistent ruminal escape without losing quality during storage or handling (Schwab, 
1995). Coating efficiency is affected by core (i.e.; hardness, size and shape of the surface, and AA 
content and solubility) and coat (i.e.; feed and rumen stability, abomasal release) characteristics 
(Wu and Papas, 1997). Product particle size and specific gravity can alter ruminal retention time 
(Allen and Mertens, 1988).  
MILK: FROM COWS TO HUMANS 
 Milk can be defined as the secretion of the mammals’ mammary glands whereas its primary 
function is to nourish the offspring. Bovine milk is composed by water and solids: fat, lactose, ash, 
and proteins (Table 2.4; O’mahony and Fox, 2013). The fat proportion is largely made up of 
triglycerides and in a lower extent by phospholipids, cholesterol, free fatty acids, monoglycerides, 
and diglycerides. Lactose, known as “the milk sugar”, is a disaccharide unique to milk composed 
of glucose and galactose. Compounds as K, Na, Ca, Mg, Cl, and phosphate are part of the ash 
portion, that it is not equivalent to milk salts. There are two type of salts: undissolved and dissolved 
salts. Casein micelles contain undissolved salts. Dissolved salts are present in the serum and 
influence milk protein stability (Walstra et al., 2006).  
During milk synthesis, almost all components are synthesized in the secretary cells of the 
mammary gland but some of them are directly taken up from the blood (i.e.; salts). Milk synthesis 
precursors are taken up from the blood at the basal end and milk components secreted into the 
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lumen at the apical end of secretary cells. During milk secretion, cells remain intact and because 
of this, it is known as merocrine secretion. Milk proteins are synthesized in the endoplasmic 
reticulum, then transported and stored into Golgi vesicles until their further release into the lumen. 
Triglycerides form globules in the cytoplasm that grow until they are released into the lumen. Once 
milk is synthesized, muscle around the alveoli contract and milk can be released through the teat. 
Muscle contraction happens thanks to the action of oxytocin that is stimulated by either the milker 
or a suckling calf (Walstra et al., 2006). 
Up to 95% of the N in milk derives from proteins. Although the Kjeldahl factor varies 
among milk proteins (i.e.; 3.36 g protein/g N in CN; 6.3 g protein/g N in serum; 7.1 g protein/g N 
in membrane proteins, etc.), a 6.38 factor is generally accepted to give the protein content of milk 
and milk products (Walstra et al., 2006). Proteins present in bovine milk (Table 2.5) can be 
classified into two major groups: serum (whey) proteins that account for about 20% and casein 
(CN) that account for about 80% of the total proteins (Shah, 2000). Serum proteins are present in 
a dissolved form in the serum and consist of immunoglobulins (Ig), β-lactoglobulin (β-LG), α-
lactoalbumin, serum albumin, secretory components, and lactoferrin (Farrel et al., 2004; Kamiński 
et al., 2007). Although they are not precisely identical to the proteins of rennet whey, they are 
called whey proteins. There is a wide variation among milk immunoglobulins concentration and 
composition, being colostrum the one with the highest IG content. Serum proteins typically are 
globular proteins, they have relatively high hydrophobicity and compactly folded peptide chains. 
Beta-lactoglobulin occurs in three main genetic variants, A, B, and C and as the major serum 
protein, it tends to dominate the properties of whey protein preparations. Serum albumin is a minor 
protein that presumably gains entrance to milk by ‘leakage’ from blood serum, 𝛼-lactalbumin’s 
biological function is as coenzyme in the synthesis of lactose; and IG are antibodies synthesized 
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in response to stimulation by specific antigens. Lactoferrin, an inhibitor of some bacteria (i.e.; 
Bacillus subtilis) exist in greater concentrations in human than cow’s milk. Caseins are exclusively 
synthesized by the mammary gland (O’mahony and Fox, 2013) and they are different from most 
of the other proteins. Caseins are hydrophobic and can hardly be denatured because of their greater 
content of Pro (i.e.; up to 17% of all residues in 𝛽-CN) that gives them little secondary and tertiary 
structure (O’mahony and Fox, 2013; Walstra et al, 2006). Milk CN congregate in large colloids 
particles known as micelles that responsible for the white color of milk. Micelles are primarily 
conformed by proteins (i.e.; up to 94%) and in a smaller proportion by Ca, phosphate Mg, citrate, 
and trace amounts of others. Although milk processing generally does not affect micelles stability, 
some processes can alter their stability. Micelles stability remains intact when at 50°C and high 
Ca2+ concentration (O’mahony and Fox, 2013). Conversely, when they are exposed to 
temperatures around the -20°C to -10°C range (i.e.; freezing and storage temperatures), CN 
micelles suffer a cryodestabilization because of  a decrease in pH and increment on Ca2+ 
concentration during the unfrozen phase  (Moon et al., 1988 ). Micelles subjected to 140°C for 
about 20 minutes coagulate due to a decrease in the pH. This pH modification is in response to a 
CN dephosphorylation, lactose pyrolysis, and whey proteins denaturation. Conventional (i.e.; 
commercial) homogenization does not affect CN micelles unless they undergo high-pressure 
homogenization (Sandra and Dalgleish, 2005; Roach and Harte, 2008). Caseins are classified 
according to their AA sequences as 𝛼𝑆1-CN (38%), 𝛼𝑆2-CN (10%), 𝛽-CN (34%), and 𝜅-CN [15%, 
(Table 2.6; Walstra, 1990; Farrell, et al. 2004; Huppertz, 2013). Their genes are on chromosome 
6 and tightly linked in a 250-kb cluster (Ferretti et al., 1990; Hayes et al., 1993) known as CN 
locus (Martin et al., 2002).  
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The protein 𝛼𝑆1-CN has 199 AA residues with 8 phosphorylated Ser responsible of the Ca 
phosphate stabilization in the CN micelle. There are 8 𝛼𝑆1-CN genetic variants (i.e.; A, B, C, D, 
E, F, G, and H). The referent protein is CN B-8P and is predominant in Bos taurus. Variant A, 
found in Holstein Friesians, Red Holsteins and German Red (Ng-Kwai-Hang et al., 1984; 
Grosclaude, 1988; Erhardt, 1993) cattle and has the AA residues from the 14 to 26 position. Variant 
B, predominant in Bos taurus (Eigel et al., 1984), has Ala at position 53, Gln at position 59, a 
phosphorylated Ser at position 66, and Glu at position 192. Variant C is mostly predominant in 
Bos indicus and grunniens (Eigel et al., 1984) and has Gly instead of Glu at position 192 
(Grosclaude et al., 1969). In variant D, common in breeds in France and Jersey in The Netherlands 
(Corradini, 1969), contains a phosphorylated Thr instead of Ala at position 53 (Grosclaude et al., 
1976). Variant E, also common in Bos grunniens (Grosclaude et al., 1976) has a Lys and a Gly 
residue at position 59 and 192 respectively. Variant F, found in German Black and White cattle 
(Erhardt, 1993), has a Leu residue instead of the phosphorylated Ser at position 66. Up to date, no 
AA have been reported for variant G, and for variant H an AA deletion at positions 51 to 58 has 
been reported (Mahe et al., 1999). The protein 𝛼𝑆2-CN has 207 AA residues with different levels 
of phosphorylation and disulfide bounds. There are 4 𝛼𝑆2-CN genetic variants (i.e.; A, B, C, and 
D), being 𝛼𝑆2-CN A-11P the referent protein. Variant A, frequently observed in Western breeds, 
has a Glu, Ala, and Thr residue at position 33, 47, and 130, respectively. Variant B, found in Zebu 
has no mutation identified yet. Variant C, observed in yaks, has Gly, Thr, and Ile residues at 
position 33, 47, and 130, respectively. Variant D, was found in Vosgienne and Montbeliarde breeds 
(Grosclaude et al., 1976) and has position 51 to 59 deleted (Huppertz, 2013).  
The protein κ-CN has lower level of phosphorylation and sensitivity to Ca, and is the 
smallest of the CN. It has 169 AA residues and there are 11 variants (i.e.; A, B, C, E, F1, F2, G1, 
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G2, H, I, and J); being κ-CN A1P the referent protein followed by the variant B. The former one, 
has Arg at the position 10 and 97, Thr at the position 135 and 136, Ser at the position 104 and 155, 
and Asp at the position 148. Variant B replaced Thr of the position 136 for Ile and the Asp of the 
position 148 for Ala. Milk from the genetic variant B had micelles of smaller size and had greater 
proportion of glycosylated κ-CN with greater oligosaccharide chains per peptide unit than milk 
from genetic variant A (Bijl et al., 2014). It was proposed that milk coming from cows with the B 
allele have shorter renneting time. Cheese elaborated from milk of BB cows had greater quality 
and yielded greater protein (i.e.; 0.13% more protein) content than cheese elaborated from milk of 
AA or AB genetic variant (Ng-Kwai-Hang et al., 1984; Martin et al., 2002). Milk coming from 
AB heterozygous cows, dominant phenotype, was a composite of the individual variants (Day et 
al., 2015) and had greater proportion of the protein variant encoded by allele A than the one 
encoded by allele B (Van Eenennaam and Medrano, 1991). Furthermore, Debeljak et al. (2000) 
found 13.5% greater transcripts of allele A than B mRNA on mammary glands of AB cows.  
The protein β-CN is the most hydrophobic of the CN, it contains 209 AA residues and there 
are 12 variants (i.e.; A1, A2, A3, B, C, D, E, F, G, H, I and J), being β-CN A2- 5P the referent 
protein (Martin et al., 2013; Huppertz, 2013). The most common alleles in dairy cattle are A1 and 
A2, being the former one a genetic variation of A2 that happened thousands of years ago and 
affected European cattle origins (Bradley et al., 1998). The variant A2 is mostly predominant in 
Bos indicus and Jersey cattle (Ginger and Grigor, 1999; Kamiński et al., 2007) and A1 and A2 
variants apparently occurs at the same allele frequencies in Holstein cows (Ginger and Grigor, 
1999). The only difference between these two is that A1 has substituted Pro at position 67 for His 
(EFSA, 2009). Variant A3 substituted His for Gln at position 106 (Ribadeau-Dumas et al., 1970). 
The genetic variants B, C, F, and G are a variant of the variant β-CN A1, and genetic variants D, 
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E, H1, H2, and I are a of the variant β-CN A2 (Table 2.7; Farrell, 2004; Huppertz, 2013). Beta-CN 
play an important role in rennet curd formation of milk (Bittante et al., 2012). Milk from Jersey 
and Holstein-Friesian cows with β-CN A2 combined with κ-CN AA  variants had lower total 
protein, CN, and κ-CN as well as lower mineral content (i.e.; Ca, P, and Mg) and either did not 
coagulate or had poor renneting coagulation (Jensen et al., 2012a,b).   
Milk is one of the most important source of nutrients worldwide, especially protein. Dairy 
milk protein profile is influenced by many factors as breed, lactation stage, mastitis, and diet 
composition (Tacoma et al., 2016). The way these variants affect milk protein composition is off 
special interest due to their impact on dairy products processability and functionality (Walstra et 
al., 2006). Differences on milk composition are found between breed and individual cows within 
a breed due to their genetic variation (Poulsen et al., 2012). Milk protein polymorphisms negatively 
or positively affect human nutrition (i.e.; protein and lactose allergenic properties or the release of 
peptides with biological functions). Human milk lacks 𝛼𝑆1-CN, 𝛼𝑆2-CN, and β-LG, thus pointing 
these to proteins as potentially the most allergen, including the ones found in cows’ milk (EFSA, 
2009; Crittenden and Bennett, 2005). Not all adult humans can benefit from cows’ milk intake 
because they cannot easily digest lactose due to absence of persistent lactase enzyme during 
adulthood (Caroli et al., 2009). Milk proteins’ primary structure contain encrypted several peptide 
sequences with biological activity. These bioactive peptides can have an impact in the 
cardiovascular (i.e.; hypertensive, antioxidative, antithrombotic, and hypocholesterolemic), 
immune (i.e.; immunomodulatory, cytomodulatory, and antimicrobial); digestive (i.e.; mineral-
binding, anti-appetizing, and antimicrobial), and nervous system (i.e.; opioid agonist and 
antagonist activity). Beta CN are of special interest because a peptide sequence [β-casomorphin-7 
(BCM7)] has been linked to greater risk of non-communicable diseases (EFSA, 2009).  Cow milk 
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proteolysis such as gastrointestinal digestion or food processing (i.e.; digestion or maturation 
during cheese processing) leads to the release of bioactive proteins and peptides (Kamiński et al., 
2007; EFSA, 2009). These bioactive proteins and peptides have anti-oxidative, 
immunomodulatory, antimicrobial, antihypertensive, and opioid properties among others. Hence, 
dairy milk consumption can lead to the release and posterior absorption of the aforementioned 
bioactive opioid peptide BCM7 linked to greater risk of heart disease, type 1 diabetes mellitus, 
sudden infant death syndrome, and some neurological disorders as schizophrenia and autism 
(Kamiński et al., 2007; EFSA, 2009).  
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TABLES AND FIGURES 
Table 2.1. Summary of amino acids 
Amino Acid Fate of the C Skeleton1 Solubility1 
MW 
(g/mol)1 
g/100 g of total AA Protein4 
FAB2 PAB2 Protozoa2 Milk3 Casein Whey 
Indispensable          
 Arginine (Arg) Glucogenic Basic 174.20 4.21 4.38 4.11 3.23 4.1 2.3 
 Histidine (His) Glucogenic Basic 155.15 1.60 1.60 1.46 2.55 3.1 1.7 
 Isoleucine (Ile) Glucogenic and ketogenic Neutral 131.17 5.93 5.85 6.00 5.48 6.1 6.4 
 Leucine (Leu) Ketogenic Neutral 131.17 8.05 8.24 7.83 9.10 9.2 10.3 
 Lysine (Lys) Ketogenic Basic 146.19 6.02 6.38 7.76 7.73 8.2 8.7 
 Methionine (Met) Glucogenic Neutral 149.21 2.99 2.42 5.75 2.68 2.8 1.7 
 Phenylalanine (Phe) Glucogenic and ketogenic Neutral 165.19 4.37 4.48 4.47 4.59 5.0 3.1 
 Threonine (Thr) Glucogenic Neutral 119.12 5.48 5.48 5.06 4.08 4.9 7.0 
 Tryptophan (Trp) Glucogenic and ketogenic Neutral 204.22 1.61 1.45 0.82 1.38 1.7 2.4 
 Valine (Val) Glucogenic Neutral 117.15 5.25 5.24 4.50 6.11 7.2 5.7 
Dispensable          
 Alanine (Ala) Glucogenic Neutral 89.09 7.31 6.78 4.85 3.07 3.0 4.9 
 Asparagine (Asn) Glucogenic Neutral 132.12 - - - 3.80 
7.1 10.5 
 Aspartate (Asp) Glucogenic Acidic 133.11 12.10 11.90 12.40 3.28 
 Cysteine (Cys) Glucogenic Neutral 121.16 2.91 3.47 4.64 0.69 0.34 2.3 
 Glutamine (Gln) Glucogenic Acidic 146.14 - - - 8.66 
22.4 17.6 
 Glutamate (Glu) Glucogenic Neutral 147.13 14.00 14.20 14.50 11.48 
 Glycine (Gly) Glucogenic Neutral 75.07 5.38 5.28 4.23 1.71 2.7 1.8 
 Proline (Pro) Glucogenic Neutral 115.13 3.38 3.62 3.34 9.28 11.3 5.9 
 Serine (Ser) Glucogenic Neutral 105.09 4.44 4.40 3.69 5.92 6.3 4.8 
 Tyrosine (Tyr) Glucogenic and ketogenic Neutral 181.19 4.97 4.85 4.59 5.19 6.3 2.9 
1 Adapted from Wu (2009). 
2 Adapted from Reynal et al. (2005). FAB= rumen bacteria present in the fluid phase; PAB= rumen bacteria present in the particulate 
phase.  
3 Adapted from Lapierre et al. (2012). 
4 Percentage of total AA composition of milk proteins. Adapted from Pellegrino et al. (2013).  
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Table 2.2. Digestive proteases and peptidases in the stomach and the small intestine of non-ruminants. Adapted from Mc Donald et al., 
(2011) and Wu (2016) 
Enzyme Source Released Substrate pH1  
Proteases  
 Pepsins A, B, C, and D Mucosa of stomach Lumen of the Stomach Aromatic and hydrophobic AAs 1.8–2 
 Chymiosin (Rennin) Mucosa of stomach Lumen of the Stomach Protein and peptides 1.8–2 
 Trypsin Pancreas Lumen of the SI Arginine and Lysine 8–9 
 Chymotrypsins A, B, and C Pancreas Lumen of the SI Aromatic AAs and Methionine 8–9 
 Elastase Pancreas Lumen of the SI Aliphatic AAs 8–9 
 Carboxypeptidase A Pancreas Lumen of the SI Aromatic AAs 7.2 
 Carboxypeptidase B Pancreas Lumen of the SI Arginine and Lysine 8.0 
 Aminopeptidases Enterocytes (SI) Lumen of the SI AAs with free NH2 groups 7.0–7.4 
Peptidases 
 Oligopeptidase A Enterocytes Lumen of the SI Oligopeptides 6.5–7.0 
 Oligopeptidase B Enterocytes Lumen of the SI Basic AAs in oligopeptides 6.5–7.0 
 Oligopeptidase P Enterocytes Lumen of the SI Pro or OH-Pro in oligopeptides 6.5–7.0 
 Dipeptidases Enterocytes Lumen of the SI Dipeptides 6.5–7.5 
 Tripeptidases Enterocytes Lumen of the SI Dipeptides 6.5–7.5 
 Prolidase I (dipeptidase) Enterocytes Lumen of the SI Proline or hydroxyproline 7.2 
 Prolidase II (dipeptidase) Enterocytes Lumen of the SI X-Hydroxyproline 8 
1 pH of optimal activity. 
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Table 2.3. Major sources of ruminal bacterial proteases and peptidases in ruminants. Adapted 
from Wu (2016) 
Proteases1 Peptidases1 Deaminases1 
Butyrivibrio fibrisolvens Dasytricha ruminantium Butyrivibrio fibrisolvens 
Clostridium spp Entodinium caudatum Entodinium caudatum 
Dasytricha ruminantium Fibrobacter succinogenes Megasphaera elsdenii 
Entodinium budayi Megasphaera elsdenii Prevotella ruminicola 
Entodinium caudatum Prevotella ruminicola Selenomonas ruminantium 
Entodinium caudatum 
ecaudatum Prevotella ruminicola  
Entodinium maggi Ruminobacter amylophilus  
Entodinium medium Selenomonas ruminantium  
Entodinium ruminantium Streptococcus bovis  
Entodinium simplex   
Fusobacterium spp.   
Ophryoscolex caudatus   
Prevotella ruminicola   
Ruminobacter amylophilus   
Selenomonas ruminantium   
Streptococcus bovis   
1 Proteases: hydrolysis of protein into oligopeptides. 
2 Peptidases: hydrolysis of oligopeptides into AA. 
3 Deaminases: degrades of AA into NH3.  
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Table 2.4. Average composition of milk. Adapted from Walstra et al. (2006) 
Item Dairy Cow 
Water, % 87.3 
Total solids, % 12.7 
Fat, % 4.5 
 Triglycerides 4 
 Diglycerides 0.01 
 Monoglycerides 0.001 
 Fatty acids 0.006 
 Sterols 0.01 
Proteins, % 2.9 
 Casein 2.6 
 β-lactoglobulin 0.32 
 α-lactoalbumin 0.12 
 Serum albumin 0.04 
 Immunoglobulins 0.07 
 Lactoferrin 0.01 
Non-protein nitrogenous compounds, %  
 AA, mg/kg milk 0.005 
 Urea, mg/kg milk 0.025 
 Ammonia, mg/kg milk 0.001 
 Others, mg/kg milk 0.03 
Carbohydrates  
 Lactose, % 4.6 
 Glucose, mg/kg milk 0.007 
Ash, % 0.2 
Salts, % 0.2 
 Ca 0.085 
 Phosphate 0.1 
 citrate 0.015 
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Table 2.5. Proteins in milk  
Protein mmol/m3 Milk1 g/kg Milk1 g/100 g Protein1 g Protein/g N1 Kjeldahl factor2 Nitrogen %2 
Casein 1120 26 78.3 6.36   
 𝛼𝑆1-Casein 450 10.7 32 - 6.34 15.77 
 𝛼𝑆2-Casein 110 2.8 8.4 - 6.30 15.83 
 β-Casein 360 8.6 26 - 3.34 15.76 
 𝜅-Casein 160 3.1 9.3 - 6.15 16.26 
 𝛾-Casein 40 0.8 2.4 - 6.30 15.87 
Serum proteins 320 6.3 19 6.3   
 𝛽-Lactoglobulins 180 3.2 9.8 6.29 6.30 15.68 
 𝛼-Lactoalbumin 90 1.2 3.7 6.25 6.14 16.29 
 Serum albumin 6 0.4 1.2 6.07 6.07 16.46 
 Protease peptone 40 0.8 2.4 6.54   
Immunoglobulins 4 0.8 2.4 6.20 6.07 16.66 
 IgGl, IgG2 - 0.65 1.8 - - - 
 IgA - 0.14 0.4 - - - 
 IgM - 0.05 0.2 - - - 
Miscellaneous - 0.9 2.7 -   
 Lactoferrin 1 0.1 - 6.14 5.72 17.48 
 Transferrin 1 0.01 - 6.21 5.88 17.00 
 Membrane proteins - 0.7 2 7.1   
 Enzymes - - - - - - 
1Adapted from Walstra et al. (2006). 
2 Values without carbohydrate. Adapted from Dupont et al. (2013). 
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Table 2.6. Amino acid composition of the major milk proteins. Adapted from O’mahony and Fox (2013)  
Amino Acid 
𝛼𝑆1-CN 𝛼𝑆2-CN β-CN 𝜅-CN 𝛾1-CN 𝛾2-CN 𝛾3-CN 𝛽-LG 𝛼-LG 
B A A2 B A2 A2 A2 A B 
Ala 9 8 5 15 5 2 2 14 3 
Arg 6 6 4 5 2 2 2 3 1 
Asn 8 14 5 7 3 1 1 5 12 
Asp 7 4 4 4 4 2 2 11 9 
Cys 0 2 0 2 0 0 0 5 8 
Gln 15 15 21 14 21 11 11 9 5 
Glu 24 25 18 12 11 4 4 16 8 
Gly 9 2 5 2 4 2 2 3 6 
His 5 3 5 3 5 4 3 2 3 
Ile 11 11 10 13 7 3 3 10 8 
Leu 17 13 22 8 19 14 14 22 13 
Lys 14 24 11 9 10 4 3 15 12 
Met 5 4 6 2 6 4 4 4 1 
Phe 8 6 9 4 9 5 5 4 4 
Pro 17 10 35 20 34 21 21 8 2 
Ser 8 6 11 12 10 7 7 7 7 
Ser, Phosphorylated 8 11 5 1 1 0 0 0 0 
Thr 5 15 9 14 8 4 4 8 7 
Trp 2 2 1 1 1 1 1 2 4 
Tyr 10 12 4 9 4 3 3 4 4 
Val 11 14 19 11 17 10 10 10 6 
Total residues 199 207 209 169 181 104 102 162 123 
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Table 2.7.  Dairy cows’ β-CN genetic variants and their differences in the amino acid sequence compared to β-CN A2-5P. Adapted 
from Huppertz (2013) 
 Position 
Variant 18 25 35 36 37 67 72 88 93 106 122 137/138 152 ? 
A1       His         
 B      His     Arg    
 C   Ser  Lys His         
 F      His       Leu  
 G      His      Leu   
A2  Sera Arg Sera Glu Glu Pro Gln Leu Met His Ser Leu/Pro Pro Gln 
 D Lys              
 E    Lys           
 H1  Cys      Ile       
 H2       Glu  Leu     Glu 
 I         Leu      
A3           Gln     
a Phosphorylated Ser. 
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Figure 2.1. Protein structures. Primary, secondary, tertiary, and quaternary structure. Adapted from 
Wu (2016). 
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Figure 2.2. Overall protein metabolism in ruminants (blue arrows) and non-ruminants (orange 
arrows). Adapted from Wu (2016). 
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Figure 2.3. Synthesis of microbial proteins in ruminants. Adapted from Wu (2009). 
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Figure 2.4. Urea recycling in ruminants. Adapted from Wu (2016).  
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CHAPTER III. DISSERTATION OBJECTIVES 
As world population increases, food security is an issue that needs to be addressed. There 
is a need to produce more food, particularly protein, to feed the growing population and at the 
same time to lower hunger and diminish food insecurity. One of FAO (2018) targets is  “ by 2030, 
end hunger and ensure access by all people, in particular the poor and people in vulnerable 
situations, including infants, to safe, nutritious and sufficient food all year round”.  Food security 
is linked not only to food quantity but also quality. Therefore, the question is: how, we, as animal 
scientists are going to address this objective? Improving dairy industry’s production, particularly 
N efficiency, can effectively increase milk yield and potentially reduce emissions per unit of milk. 
Furthermore, a more ample knowledge on genetic milk protein variants could improve milk yield 
efficiency. Hence, the objective of this study were: 
1. To determine the effects of a blended and processed canola meal and soy bean meal 
rumen-undegradable protein (RUP) source on N utilization and performance of dairy cows. 
2. To determine the short-term effects of targeted rumen-protected Lys supplementation to 
dairy cows on protein and amino acids in blood and production of milk and milk components. 
3. To test the correlation between Holstein cow’s genetic milk protein variants and diet 
rumen-degradable protein (RDP) composition on Holstein feed intake and milk yield.  
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CHAPTER IV.  IMPROVED NITROGEN UTILIZATION IN HOLSTEIN COWS FED A 
PROTEIN BLEND BASED ON CANOLA MEAL AND SOYBEAN MEAL1 
 
INTRODUCTION 
 
The dairy industry is under a constant pressure to reduce its environmental impact. Dairy farms 
have been implicated in causing respiratory problems in humans, and surface water and 
groundwater aquifer contamination because of nitrogen (N) losses (Place and Mitloehner, 2010). 
Nitrogen loss through manure could be up to 5% denitrification, 30% nitrate leaching, and 40% 
ammonia (NH3) volatilization because of the presence of urease in manure (Martin et al., 2017). 
It is of special interest to improve milk N use efficiency (MNE: milk protein N/ N intake) and 
reduce urinary urea N excretion to lessen environmental impact. Researchers reported that lower 
MNE could be the result of overfeeding CP (Broderick, 2003; Ipharraguerre and Clark, 2005). 
Lowering CP in the diet of lactating cows diets could be beneficial not only from an economic 
perspective but also from an environmental standpoint (Ipharraguerre and Clark, 2005). Producers 
could increase MNE, and maintain the same amount or increase milk production while reducing 
N excretion and NH3 emissions. A reduction in CP implies lesser purchased feed cost, and greater 
income over feed cost and farm profit margins. Many farms could potentially reduce CP by 0.5 to 
1.5 percentage units without reducing milk production (Chase et al., 2012) because CP greater than 
16.5% will not necessarily increase milk yield or milk protein yield (Barros et al., 2017). Nitrogen  
 
1M. I. Rivelli, M. J. Cecava, P. H. Doane, and F. C. Cardoso. Submitted to J. Dairy Sci. 
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storage by dairy cows is limited compared with energy storage. Nitrogen consumed has two 
primary fates: support (maintenance, pregnancy, production: milk yield and milk protein), or 
excretion (urine and feces). Chase et al. (2012) reported average MNE values on commercial dairy 
farms are between 20 and 35%, meaning that up to 80% of the N consumed is excreted.      
Feeding protein supplements to dairy cows is costly but it is still advantageous because it 
elicits a positive response in milk production. Reducing rumen-degradable protein (RDP) and 
increasing rumen-undegradable protein (RUP) is a strategy that can increase milk production. 
According to NRC (2001), milk production can increase about 1.85 kg per percentage unit increase 
in RUP consumed. Others have also reported a positive response in milk yield when dietary CP 
concentrations were increased with RUP supplements (Amanlou et al., 2017). Feeding greater 
amounts of RUP may decrease rumen microbial NAN passage to the small intestine by 7% 
(Ipharraguerre and Clark, 2005) but feeding adequate amounts of RUP can improve amino acid 
absorption (Schwab, 1995). The majority of ammonia N that is not incorporated into microbial 
protein in the rumen would be excreted as urea, hence, to reduce N losses to the environment may 
be advantageous to increase RUP in cows diets (Wright et al., 1998). 
Soybean meal (SBM) and canola meal (CM) are protein supplements widely used across 
the USA. According to the USDA (2014), around 20 % of all operations offered CM to their cows; 
it ranged from 9 to 69% in small and large operations, respectively. About 77 % of all operations 
offered soybeans (whole, meal, or hulls) to their cows and ranged from 59 to 79% in large and 
small operations, respectively. The use of CM in lactating cows’ diets could potentially improve 
62 
 
MNE and milk yield compared to SBM or other protein supplements (Paula et al., 2018). Broderick 
et al. (2015), in contrast, reported that feeding CM instead of SBM increased DMI, milk yields, 
true protein, and MNE. Moreover, CM tended to increase fat and lactose yields; and to decrease 
MUN, total urine volume, and urinary N excretion. Cows offered diets with both SBM and CM, 
but lower dietary CP proportion, tended to have lower MUN and greater DMI than cows fed diets 
that contained only SBM. However, the reduction of MUN and N excretion was not as great when 
they were fed CM alone (Broderick et al., 2015).    
To date, there do not appear to have been studies evaluating the response of a blended CM 
and SBM (TCSM) protein source on dairy cows diets and their performance. Hence, the objective 
of this study was to determine the effects of a blended and processed CM and SBM protein source 
on digestibility, degradability, and performance of lactating dairy cows. We hypothesized that 
feeding TCSM would enhance N utilization and performance of dairy cows.  
 
MATERIALS AND METHODS 
Animal care and Housing 
All experimental procedures were approved by the University of Illinois (Urbana-
Champaign) Institutional Animal Care and Use Committee (#17022). The experimental period was 
March to June 2017. Cows were housed in tie stalls (d 1 to 84) with sand bedding and ad libitum 
feed and water access. Diets (TMR) were formulated using AMTS.Cattle.Pro version 4.7 (2017, 
AMTS, LLC, Groton, NY). 
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Experimental Design and Diet Formulation  
 Six primiparous (110 ± 21 DIM; 579 ± 41 kg) and 12 multiparous (148 ± 55 DIM; 692 ± 
37 kg) Holstein cows were assigned to 1 of 3 treatments in a replicated 3 × 3 Latin square design. 
Cows were stratified into 6 squares based on DMI, fistulation status, milk production, and lactation 
number.  Total length of the experiment was 84 d. Periods (28 d) were divided into an adaptation 
(d 1 to 21), and measurement (d 22 to 28) phases. Treatments were formulated as follow: a control 
diet with a canola meal (CM) source (CON; 16% CP, 68% RDP, and 32% RUP); a diet with a 
soybean meal (SBM) source [TSBM; 16% CP, 62% RDP, and 38% RUP (AMINOPLUS; Ag 
Processing Inc., Omaha, NE)]; and a diet with processed blend of CM and SBM source [TCSM; 
16% CP, 63% RDP, and 37% RUP, (ADM; Patent US 10,076,127)]. All cows were fed once daily 
at 1300 h. 
Data collection and Sampling Procedures 
Samples of TMR were obtained weekly and analyzed for DM (AOAC, 1995a) by drying 
for 24 h in a forced-air oven at 110oC. Diet composition was adjusted weekly for changes in DM 
content of ingredients. The TMR offered and refused from each cow was recorded to determine 
intake based on weekly DM analyses. Total mixed ration, the concentrate mix of each diet, and the 
3 protein sources samples were taken weekly (1 per wk) and stored at –20oC until analyzed. 
Composite samples of TMR, protein source, and grain mix of each treatment (CON, TSBM, and 
TCSM) for each experimental period (n = 9) were analyzed for contents of DM, CP, ADF, aNDF, 
lignin, NDF (30 h), uNDF (30 h), sugar, starch, fat, ash, TDN, NEL, Ca, P, Mg, K, Na, Cl, S, Fe, 
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Zn, Cu, Mn, and DCAD using wet chemistry methods (Cumberland Valley Analytical Services, 
Hagerstown, MD). Values for TDN and NEL were provided by the lab and calculated based on 
NRC (2001). Also, composite samples the 3 protein sources, and grain mix of each treatment (CON, 
TSBM, and TCSM) for each experimental period (n = 6) were analyzed for contents of DM, protein, 
RDP, RUP, intestinal digested protein, total tract digested protein, and total tract undigested protein 
using the procedure of Ross et al. (2013; Cumberland Valley Analytical Services, Hagerstown, 
MD). The physical characteristics of the TMR, based on the Penn State particle separator 
(Kononoff et al., 2003), were assessed weekly.  
Cows were milked 3 times daily at 0430, 1230, and 1930 h. Milk weights were recorded at 
every milking and samples were obtained at each milking from d 26 to 28 of each period. A 
preservative (800 Broad Spectrum Microtabs II; D&F Control Systems, Inc., San Ramon, CA) was 
added to each sample and the samples stored in a refrigerator at 8°C for 3 d after which they were 
composited in proportion to milk yield and sent to a commercial laboratory (Dairy One, Ithaca, 
NY) to be analyzed for contents of fat, true protein, casein, MUN, lactose, total solids, and for 
somatic cell count (SCC) using mid-infrared procedures (AOAC, 1995b).   
Blood was sampled from the coccygeal vein or artery at 0600h, on d 22, 26, and 28 of each 
period from each cow (BD Vacutainer; BD and Co., Franklin Lakes, NJ). Beta-hydroxybutyrate 
(BHB) was analyzed from whole blood immediately after sampling using a digital cow side ketone 
monitor (Nova Max Plus, Nova Biomedical Corporation, Waltham, MA). Serum and plasma 
samples were obtained by centrifugation of the tubes at 2,500 × g for 15 min at 4°C and stored at 
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−80°C for further analysis. Samples were sent to the University of Illinois Veterinary Diagnostic 
Laboratory for plasma urea-N (PUN) analysis (AU680 Beckman Coulter Chemistry Analyzer; 
Beckman Coulter Inc., Atlanta, GA; http://vetmed.illinois.edu/vet-resources/veterinary-
diagnostic-laboratory/clinical-pathology/).   
Body weight was measured on 3 consecutive days at the start of the trial and at the end of 
each period (Ohaus digital scale, model CW-11, Newark, NJ) and BCS was assigned in quarter-
unit increments for each cow weekly (Ferguson et al., 1994). More than one person assigned a 
BCS independently at scoring and their average was used for statistical analysis. 
Total mixed rations, orts, and fecal samples were collected to determined total-tract 
digestibility of DM, OM, and CP on d 25 to 28 of each period as described by Farmer et al. (2014). 
A total of 8 fecal grab samples were collected per cow per period so that every 3 h in a 24 h period 
were represented. Samples of TMR, orts, and feces were stored at −20°C. Samples were 
composited by cow and period (fecal samples were composited on an equal wet weight basis) for 
OM, CP, ADF, and NDF analysis (Cumberland Valley Analytical Services Inc.). As described by 
Farmer et al. (2014), uNDF was used as an internal marker and total-tract digestibility was 
calculated by the ratio technique using the nutrient and indigestible NDF concentrations in the 
TMR and feces (Maynard et al., 1979) adjusted for each cow based on the nutrient composition of 
the diet offered and refused. 
Spot urine samples were obtained approximately 6 h pre-feeding and 6 h post-feeding on 
d 20 of each period via mechanical stimulation of the vulva. After collection, 15 mL of urine was 
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pipetted into a specimen container containing 60 mL of 0.072N H2SO4 and stored at −20°C until 
analyzed. Urine samples were thawed and composited (equal volume based) by cow and period 
and analyzed for creatinine (Cayman Chemical Co., Ann Arbor, MI), uric acid (Cayman Chemical 
Co., Ann Arbor, MI), allantoin (Chen, 1989), urea N (Veterinary Medical Diagnostic Laboratory, 
MO), and total N (KjeltecTM 8400; FOSS, Eden Prairie, MN). Daily urinary volume and excretion 
of urea N, total N, and allantoin were estimated from urinary creatinine concentration assuming a 
creatinine excretion rate of 29 mg/kg of BW (Valadares et al., 1999).  
On d 26 of each period in situ ruminal disappearance of the 3 protein sources was 
performed using 3 rumen-cannulated cows. Samples were dried for 24 h in a forced-air oven at 
55°C and ground through a 4-mm screen in a Wiley mill. Approximately 2 g of sample were 
weighed into 5×10 cm nylon bags with 6-µm porosity (special order from Ankom Technology 
Corp.) to achieve a 20 mg/cm2 of DM feed to surface area ratio. In each period a total of 36 bags 
with each treatment were incubated in a cow with the respective treatment and sequentially 
removed at 0, 2, 4, 8, 12, 16, and 24 h after feeding for determination of nutrient disappearance 
(OM and CP). At the same time, rumen fluid (500 mL) was collected by pumping a representative 
sample (ventral sac, cranial sac, and caudo-ventral blind sac) to assess the effects of daily 
fluctuation of rumen pH and temperature. After collection 20 mL of rumen fluid was strained 
through a 4-layers cheesecloth combined with 20 mL of 2N HCl, kept at 4°C for 24 h, and stored 
at −80°C until analyzed. 
Statistical Analyses 
67 
 
Data collected from d 22 to 28 of each period were analyzed using SAS (v. 9.4, SAS Institute 
Inc., Cary NC). Data were analyzed as a replicated Latin square by the following model 
yijkl =  μ +  Si + A(i)j + P(i)k +  𝑇(i)l  + e(ijk)l 
where 𝑦𝑖𝑗𝑘𝑙 was the observation for dependent variables; 𝜇 was the general mean. 𝑆𝑖 was the fixed 
effect of the ith square; 𝐴(𝑖)𝑗 was the random effect of the j
th cow in the ith square; 𝑃(𝑖)𝑘 was the 
fixed effect of the kth period, 𝑇(𝑖)𝑙 was the fixed effect of the l
th treatment, and e(ijk)l was the 
random error.  
A non-linear model was created and analyzed using the NLIN procedure of SAS based on 
the subdividing of feed in which the sum of the soluble feed (A), digestible feed (B), and 
indigestible feed (C) was equal to 1. Nutrient disappearance data from the bags was used to fit a 
nonlinear function to model digestion. Lag was excluded from the parameters in order to meet 
convergence criteria. If all convergence criteria were met, a dataset was created for results 
including soluble (S), degradable (D), and undegradable (I) fractions; and fractional digestion rate 
(kd) using the following model: 
Y =  B(𝑒−𝑘𝑑 (𝑡) ) + 𝐶 
where A = soluble fraction (1 – B – C), B = degradable fraction, C = insoluble fraction, and kd = 
fractional degradation rate of fraction B at time t (McDonald, 1981). Effective degradability (ED) 
was calculated using the following model (McDonald, 1981): 
ED =  A +  B (
𝑘𝑑
𝑘𝑑 + 𝐾𝑝
 ) 
Fractional rate of passage (kp) from the rumen was assumed to be 0.06. Analysis included a linear 
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mixed model that was created to measure treatment effects.  
Volatile fatty acid data were analyzed as a replicated Latin square by the following model: 
yijkl =  μ +  A𝑖 + P(i)j +  𝑇(i)k + 𝐷𝑙 + 𝑇 × 𝐷(𝑖)𝑘𝑙  + e(ijk)l 
where 𝑦𝑖𝑗𝑘𝑙𝑚 was the observation for dependent variables; 𝜇 was the general mean. 𝐴𝑖 was the 
random effect of the ith cow (n = 3); 𝑃(𝑖)𝑘 was the fixed effect of the j
th period, 𝑇(𝑖)𝑘 was the fixed 
effect of the kth treatment, Dl was the fixed effect of repeated measurement, which was used as 
time point in pH and VFA, and e(ijk)l is the random error. 
Somatic cell count was log transformed for better normality and homoscedasticity of residuals 
and presented back transformed. Extreme outliers (response variable observations that have either 
positive or negative extreme residual values) were excluded for fat % (n = 1, TSBM), MUN (n = 
1, CON), SCC (n = 1, TSBM), and BW (n = 1, CON). Two single-degree-of-freedom contrasts 
were used. Contrast 1 (CONT): CON compared with TCSM and Contrast 2 (CONT2): TSBM 
compared with TCSM. Degrees of freedom method was Kenward-Rogers (Littell et al., 1998). 
Residuals distribution was evaluated for normality and homoscedasticity.  
A cow had to be replaced in the 3rd wk of the first period due to health problems not related 
to the experiment (n = 1, TSBM). Nonetheless, including the new cow did not change statistical 
inferences. Statistical significance was declared at P ≤ 0.05 and trends at 0.05 < P ≤ 0.10.  
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RESULTS 
Diet Composition  
The ingredient compositions of the diets are in Table 4.1. Chemical compositions of the 
protein sources, concentrate mixes, and TMR are in Table 4.2. The RDP concentrations were 
similar among treatments. Total tract digested protein was 0.5% greater for TCSM than CON and 
1% lower than TSBM. The physical characteristics of the TMR, based on the Penn State Particle 
Separator was (mean ± SD) 5.5 ± 1.1% on upper (19 mm pore size), 43.3 ± 1.1% on middle (8 mm 
pore size), 13 ± 0.3% on lower (4 mm pore size) sieve, and 38.3 ± 0.5% in the pan for CON.  Upper 
(19 mm pore size) was 7 ± 4%, middle (8 mm pore size) was 43.4 ± 7.1%, lower (4 mm pore size) 
sieve was 11.1 ± 2.1, and pan was 38.2 ± 10.5% for TSBM. For TCSM, upper (19 mm pore size) 
was 6.6 ± 0.5%, middle (8 mm pore size) was 42.1 ± 4%, lower (4 mm pore size) sieve was 12.1 
± 1.1, and pan was 39.6 ± 4.8%.     
DMI, BW, BCS, and Lactation Performance 
Performance data are in Table 4.3. Dry matter intake was greater for cows fed CON 
compared to cows fed TCSM (P = 0.04, CONT1) and BW tended to be greater for cows fed TCSM 
compared cows fed TSBM (P = 0.07, CONT2). Milk yield was greater for cows fed CON 
compared to cows fed TCSM (P = 0.01; CONT1) and energy-corrected milk tended to be greater 
for cows fed CON compared to cows fed TCSM (P = 0.08; CONT1). Milk protein and lactose 
yield were greater for cows fed CON compared to cows fed TCSM (P = 0.02 and P = 0.03, 
respectively; CONT1). Milk lactose and casein as a percentage of protein was greater for cows fed 
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TCSM compared to cows fed TSBM (P = 0.02; CONT1). Cows fed TCSM had lower MUN levels 
compared to cows fed CON or TSBM (P < 0.01, CONT1, and P < 0.01, CONT2). Cows fed TCSM 
had lower BHB plasma concentrations compared to cows fed CON or TSBM (P < 0.01, CONT1, 
and P < 0.01, CONT2).  There was a day and treatment effect on BHB plasma concentrations; 
cows fed TCSM had lowest BHB plasma concentrations (P < 0.01) and the lowest BHB plasma 
concentrations were on d 28 (P = 0.02). 
Nitrogen utilization and Total Tract Nutrient Digestibility 
Nitrogen partitioning and total-tract digestibility data are in Table 4.4. Nitrogen intake and 
milk protein N output were greater for cows fed CON than cows fed TCSM (P = 0.01 and P = 
0.01, respectively; CONT1). Milk protein N as a percentage of N intake tended to be greater for 
cows fed TCSM than cows fed CON (P = 0.07, CONT1). Fecal N excretion per d was greater for 
cows fed CON than cows fed TCSM (P = 0.03, CONT1). Plasma urea N tended to be lower for 
cows fed TCSM than cows fed CON or cows fed TSBM (P = 0.10, CONT1 and CONT2, 
respectively). There were no difference among microbial N production (g/d) based on excretion of 
purine derivatives (Valadares et al., 1999) among treatments (P > 0.10, CONT1). Total N excreted 
in urine as a percentage of N intake tended to be lower for cows fed TCSM compared to cows fed 
TSBM (P = 0.06, CONT2). There were no treatment differences for CONT2 for DMI, N intake, 
protein N, milk protein N as a proportion of N intake, or CP intake (P > 0.10). Dry matter intake 
was greater for cows fed CON than cows fed TSBM (P = 0.01, CONT1). Crude protein intake was 
greater for cows fed CON than cows fed TCSM (P = 0.01, CONT1).  
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Rumen pH and VFA, and in- situ degradability 
Ruminal pH and VFA are in Table 4.5. There were no pH differences among treatments (P > 
0.10, CONT1 and CONT2, respectively). There were a time point pH and temperature differences; 
the lowest pH was at 4 h (P < 0.01) and the lowest temperature was at 8h after feeding (P < 0.01). 
There was no difference on total VFA (TVFA) concentrations among treatments (P > 0.10, CONT1 
and CONT2, respectively). Cows fed TCSM had greater acetate as a percentage of TVFA 
concentration than cows fed TSBM (P < 0.02, CONT2). Cows fed TCSM had lower propionate as 
a percentage of TVFA concentration than cows fed CON or TSBM (P = 0.01, and P < 0.01, CONT1 
and CONT2, respectively). Cows fed TCSM had lower propionate as a percentage of TVFA 
concentration than cows fed TSBM (P = 0.2, CONT2). There were no difference among treatments 
for OM and CP degradable, undegradable, soluble, or kd (P > 0.10, CONT1 and CONT2, 
respectively; Supplemental Materials). Cows fed CON had greater ED fraction than cows fed 
TCSM (P = 0.04, CONT1; Supplemental Materials). 
 
DISCUSSION 
The aim of this study was to determine the effects of a blended and processed CM and SBM protein 
source on digestibility, degradability, and performance of lactating dairy cows. We hypothesized 
that feeding TCSM would enhance N utilization and performance of dairy cows. Law et al. (2009) 
stated that more than 2 wk of adaptation were needed to make CP dietary shifts. For the purpose 
of this experiment, cows were fed the diet for 3 wk each period before measurements were made. 
72 
 
Cows fed CON had greater milk yield, lactose, protein, and casein yield than cows fed TCSM; 
however, they were not more efficient (Milk/DMI, 3.5% FCM/DMI, or ECM/DMI). This can be 
explained by their greater DMI and greater DMI as a percentage of BW (Hristov et al., 2004, 
Martin and Sauvant, 2002). Diet TCSM had lower CP content than CON and that could perhaps 
explain the lower DMI. Oldham (1984) reported a positive relationship between CP % on diets 
and DMI, presumably due to greater fiber and DM digestibility (Allen 2002). Furthermore, Barros 
et al. (2017) reported a linear decrease in DMI and MUN decreasing dietary CP% (16.2 vs. 11.8 
CP %). Conversely, Colmenero and Broderick (2006) did not find a reduction in DMI for early-
mid lactation cows fed diets with up to 13.5% CP content.   
Cows fed TCSM or TSBM diets did not differ in milk yield and milk components yield. 
However, cows fed diets that included CM, yielded 1.81 and 0.47 kg/d more milk than cows fed 
SBM diets. These findings are in concordance with other research where cows fed CM showed 
greater milk yield than cows fed SBM or other protein supplements (Martineau et al., 2013). 
Greater milk yield for cows fed CM can also explain the greater casein yield. Cows fed TCSM had 
greater casein, as percentage of milk protein, which could be beneficial for cheese production. It 
is well known that protein and fat increases in milk imply a yield increment in products such as 
butter or cheese. Casein and its micelles’ properties are of principal interest to the cheese industry 
because of their role in structure and stability (Glantz et al., 2010; Bijl et al., 2013). Although dairy 
industry profitability relies on quality and quantity of cheese obtained per volume unit of milk, 
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casein content is currently not monitored on a regular basis. Furthermore, it has been hypothesized 
that milk proteins present in bovine milk have bioactivity and cross-reactivity with human cells 
(Lönnerdal et al., 2011; Raikos and Dassios, 2014) that could favor infant health, particularly gut 
physiology and motility (Chatterton et al., 2013). Tacoma et al. (2017) proposed that changes in 
RUP and RDP proportions in an isonitrogenous diet (62.4:37.6 vs. 51.3:48.7 RDP: RUP %) in 
lactating dairy cow diets could elicit a change in milk protein profile and its bioactive properties, 
thus enhancing the nutritive value of milk. Cows fed greater RUP concentrations had lower total 
milk casein concentration, in particular, lower β-casein, and κ-casein, concentration (Tacoma et 
al., 2017). In concordance with Tacoma et al. (2017), cows fed CON had greater casein yield than 
cows fed TSBM whereas feeding TCSM vs. TSBM resulted in greater casein concentration. Milk 
lactose and casein as a percentage of protein increased around 1% for cows fed TCSM compared 
to cows fed TSBM. Nevertheless, these differences do not seem to be biologically relevant for the 
difference on lactose yield but they are for casein as a percentage of protein. When switching diet 
composition, lactose concentrations are less variable compared to protein and MUN. Jenkins and 
McGuire, (2006) proposed that milk protein could be greater than 0.5% unit range responsive to 
dietary changes than lactose. As mentioned before, differences in total casein as a percentage of 
protein could be related to the difference on CP%, and RDP and RUP proportions in the diets. The 
microbes of cows fed isonitrogenous diets with greater RDP proportions could capture N and 
energy in a more efficient manner thus leading to greater microbial CP synthesis and hindgut 
uptake (Tacoma et al., 2017). This could explain why cows fed CON had greater casein as a 
74 
 
percentage of protein concentrations than TCSM. However, the CP% on the diet fed to TCSM was 
1% lower than CON and TSBM; and cows fed TCSM had greater casein as a percentage of protein 
concentrations than cows fed TSBM. This could mean that the CM and SBM blend elicited a better 
AA profile and amount of AA supplied to the mammary gland and hence positively affected casein 
as a percentage of protein concentration. Cows fed the TCSM diet had significantly lower MUN 
concentrations than those fed the TSBM or CON diet. Milk urea N is correlated with DMI, CP 
intake, and protein fractions (Hristov et al., 2018). Milk urea-N and PUN have been used as N 
excretion and efficiency utilization predictors in dairy cows after Broderick and Clayton (1997) 
demonstrated a positive relationship between them. Decreased MUN could potentially indicate 
that cows fed diets that contain TCSM have better N utilization than cows that are fed diet that 
only contain CM or SBM, perhaps due to an increased concentration of plasma branched-chain 
AA (Paula et al., 2018). Others found that feeding CM could be environmentally beneficial by 
reducing urinary urea N and MUN (Broderick et al., 2015; Paula et al., 2018). In concordance with 
the literature, cows fed the TCSM diet had greater MNE than cows fed CON.  Feeding greater 
CP% to dairy cows could result in lower MNE (Broderick, 2003; Ipharraguerre and Clark, 2005) 
and greater N excretions and NH3 emissions into the environment. Greater N excretions and NH3 
emissions are linked to respiratory problems in humans, and surface water and groundwater aquifer 
contamination (Place and Mitloehner, 2010). Although there were no differences among urinary 
urea N and urinary urea N as a % of intake, cows fed TCSM had lower fecal N excretion and 
tended to have lower total urinary N as a % of intake and PUN than cows fed CON. This could 
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imply than cows fed greater proportions of RUP are using N more efficiently hence reducing N 
negative impact in the environment. Furthermore, reducing fecal N and urinary urea N result in 
lower NH3 volatilization due to bacteria present in the manure ability to hydrolyze urinary urea to 
NH3 that can be can rapidly volatilized (Muck, 1982). Cows fed only CM had increased N intake 
and tended to have greater RDP supply and N digestibility than cows fed SBM (Paula et al., 2018). 
In concordance with the literature, cows fed CM or TCSM had greater N intake than cows fed 
TSBM. Although Firkins et al. (2006) discussed the low accuracy when estimating N microbial 
supply by the purine derivative method proposed by Valadares et al. (1999), the diets containing 
CM were on average 1% greater than for the diet containing only SBM. 
There was no difference on TVFA production among treatments. Cows fed TCSM had 
greater acetate, and lower propionate as a percentage of TVFA than cows fed TSBM. Conversely, 
others (Brito and Broderick, 2007; Paula et al., 2018) did not find differences on VFA, acetate, or 
butyrate between lactating cows fed CM or SBM. As speculated by Paula et al. (2018), this 
variance among studies could be due to the variety of CM used and how it was processed.  
Although measuring in-situ protein sources degradability was not a major component of 
the present study, results were in accordance with the literature. As expected, OM ED for cows 
fed CON was greater than for cows fed TCSM, possibly indicating greater undegradability of the 
later one (NRC, 2001). However, the lack of CP in-situ protein source degradability differences 
among treatments could be due to the conditions of the present study that may diverge from 
previous literature.  There is a lack of research on studying the effects of different pore sizes (i. e.; 
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6 µm) and bags incubated in a rumen environment of cows that were fed a TMR containing the 
tested ingredient. Liebe et al. (2018) reported that smaller bag size negatively affect fraction 
predictions of CP content. The undegradable protein content of CM should be at least equal 
(Huhtanen et al., 2011) or greater (Brito et al., 2007) than that of SBM. Conversely, the NRC 
(2001) indicated that 48% CP solvent-extracted SBM should have greater undegradable protein 
proportions than CM. Haerr et al. (2016) reported different degradability results for whole-plant 
corn silage incubated with bags of different sizes (10 × 20 cm vs. 20 × 40 cm) but same sample 
size to surface area. Similar results were reported by Varga and Hoover (1983) when analyzing 
degradability of concentrates and forages. Further investigation is needed to clarify the effects of 
bag size and porosity; and sample size to surface area for studies where bags are incubated in a 
rumen environment of cows fed TMR containing the tested ingredients. 
 
CONCLUSIONS 
Our results indicated that under the conditions of the present study, there were no feed 
efficiency differences among treatments. Nitrogen intake was lower for cows that were fed TCSM 
and they had a tendency to have greater MNE compared to cows fed CON. There were no 
differences for total urine N excretion between cows fed CON and TCSM. Hence, offering TCSM 
to cows improved N efficiency compared to CON. Cows fed TCSM had greater lactose 
concentrations and casein as a percentage of protein compared to TSBM and lower BHB and MUN 
concentrations compared to those fed CON or TSBM. This suggests that offering diets with lower 
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CP proportions that contain TCSM results in better N utilization, thereby lessening environmental 
impact of milk production.  
 
 
 
 
 
 
 
 
 
 
 
78 
 
TABLES  
Table 4.1. Ingredient composition of the lactation diet fed to control cows with a canola meal 
source (CON), cows fed a diet supplemented with a soybean meal source (TSBM), and cows 
fed a diet supplemented with a blend of canola meal and soybean meal source (TCSM) 
throughout the study 
 Treatment1 
Ingredient CON TSBM TCSM 
Corn silage2 52.39 52.43 52.53 
Corn gluten feed 2.52 2.53 2.53 
Canola meal 4.29 - - 
Alfalfa hay 5.53 5.54 5.55 
Grass hay 5.75 5.75 5.76 
Soy hulls 1.77 1.77 1.77 
Ground corn 13.40 13.41 13.43 
Concentrate mix    
  Dicalcium phosphate 0.37 0.37 0.37 
  Rumen protected lysine3 0.06 0.06 0.06 
  Rumen protected methionine4 0.04 0.04 0.04 
  Soybean meal 6.99 3.15 3.50 
  Soybean meal protein source5 - 7.19 - 
  Soybean meal and canola meal 
protein source6 
- - 7.24 
  Bypass fat7 1.94 2.80 2.71 
  Urea 46% 0.74 0.76 0.74 
  Molasses dried 1.88 1.88 1.44 
  Vitamin and mineral mix8 2.31 2.31 2.32 
1 % of DM. 
2 All treatments fed at 32.9 % corn silage DM. 
3 Ajipro-L Generation 3 (Ajinimoto Heartland, Inc., Chicago, IL). 
4 Smartamine M (Adisseo, Alpharetta, GA). 
5 Soybean meal source (AMINOPLUS; Ag Processing Inc., Omaha, NE).  
6 Prototype, blend of canola meal and soybean meal source (ADM, Decatur, IL). 
7 Energy Booster 100® (Milk Specialties Global, Paris, IL). 
8 Vitamin and mineral mix was formulated to contain 12.51% Ca, 14.06% Na, 9.60% Cl, 
3.18% Mg, 6.48% K, 0.19% S, 26.93 mg/kg Co, 301.01 mg/kg of Cu, 40.22 mg/kg of I, 
678.25 mg/kg Fe, 1,519.35 mg/kg Mn, 8.62 mg/kg Se, 4.47 mg/kg of organic Se, 1621.05 
mg/kg of Zn, 43.34 kIU/kg Vitamin A, 10.89 kIU.kg of Vitamin D3, 466.41 IU/kg of Vitamin 
E, 4.23 mg/kg of biotin, 46.65 mg/kg of thiamine, and 0.35 g/kg of monensin (Rumensin, 
Elanco, Greenfield, IN). 
 
79 
 
Table 4.2. Chemical composition for protein source, concentrate mix, and TMR fed to control cows with a canola meal source (CON), cows fed a diet supplemented with a soybean meal source 
(TSBM), and cows fed a die supplemented with a blend of CM and SBM source (TCSM) throughout the study 
 Treatment  
 CON  TSBM  TCSM  
SD3 
 Canola Concentrate 
TMR 
 
SBM1 
Concentrate 
TMR 
 blend of 
CM and 
SBM  
Concentrate 
TMR 
 
Item meal mix  mix  Mix  
DM, % 89.4 90.6 49.7  88.8 89.7 48.9  88.5 89.3 49.1  3.3 
CP, % of DM 41.57 45.40 15.77  49.03 43.10 15.00  50.67 46.37 14.63  2.8 
Total tract undigested protein, % of DM4 5.90 3.50 3.57  4.30 3.67 3.10  5.67 3.93 3.23  1.04 
Total tract undigested protein, % of CP4 14.37 7.9 21.63  8.60 8.47 20.70  11.17 8.27 21.87  2.59 
NDICP, % of DM5 2.84 1.32 0.90  0.87 1.69 0.68  1.75 2.25 0.71  0.64 
ADICP, % of DM6 4.32 2.22 1.44  3.97 2.79 1.24  8.26 3.51 1.37  1.11 
ADF, % of DM 22.20 7.83 22.07  7.30 8.83 22.17  9.53 9.23 21.80  2.74 
aNDF, % of DM 29.00 12.27 33.87  16.40 16.17 33.37  24.07 14.37 32.93  3.35 
Lignin, % of DM 10.26 1.51 3.58  1.13 1.08 3.22  2.90 1.68 3.35  0.46 
NDF (30 h), % of DM 12.43 8.23 19.33  9.73 10.70 17.70  16.30 8.97 18.97  3.94 
uNDF (30 h), % of DM7 16.53 4.03 14.53  6.67 5.47 14.80  7.73 5.37 13.97  4.2 
Sugar, % of DM 8.73 8.57 4.20  8.87 7.9 4.13  8.70 7.37 4.20  2.36 
Starch, % of DM 1.17 0.87 25.93  2.63 1.13 26.97  0.97 0.57 27.73  2.32 
Crude fat, % of DM 3.03 10.27 4.10  1.00 10.61 4.67  1.14 9.46 4.31  1.13 
Ash, % of DM 7.48 22.39 7.79  6.81 17.47 7.93  8.32 18.48 7.70  3.3 
NEL, Mcal/kg of DM
8 1.50 1.81 1.63  1.87 1.92 1.70  1.73 1.85 1.70  0.09 
Ca, % of DM 0.93 3.23 1.27  0.60 2.35 1.03  0.93 2.65 1.14  1.12 
P, % of DM 1.17 0.97 0.44  0.76 0.79 0.39  0.84 0.91 0.39  0.11 
Mg, % of DM 0.63 0.77 0.31  0.35 0.57 0.29  0.43 0.59 0.28  0.06 
K, % of DM 1.32 2.98 1.61  2.61 2.64 1.70  2.26 2.72 1.58  0.28 
Na, % of DM 0.11 2.42 0.34  0.05 2.63 0.40  0.35 1.83 0.32  1.77 
Cl, % of DM 0.07 1.69 0.45  0.07 1.32 0.50  0.07 1.27 0.46  0.33 
S, % of DM 0.87 0.40 0.21  0.43 0.37 0.17  0.57 0.40 0.18  0.03 
Fe, ppm 207 654 406  154 470 448  267 539 474  245 
Zn, ppm 64.33 294.67 66.33  74.33 179.67 65.67  77.33 205.33 59.00  34.12 
Cu, ppm 7.33 66.67 16.00  20.67 48.67 16.33  17.33 48.33 14.33  12.54 
Mn, ppm 80.33 238.67 83.33  45.33 174.33 82.33  49.33 155.00 77.67  54.58 
DCAD9 (mEq/100 g DM) -17.50 108.57 30.20  39.97 78.6 35.73  35.53 88.03 30.07  9.54 
1 Soybean meal source (Ag Processing Inc., Omaha, NE). 
2 Prototype, blend of canola meal and soybean meal source (ADM, Decatur, IL). 
3 Maximum between treatment standard deviation.  
4 Intestinal undigested residue, recovered on 1.5 micron filter. (Ross et al., 2013). 
5 NDICP = neutral detergent insoluble CP. 
6 ADICP = acid detergent insoluble CP. 
7 uNDF(30h) = NDF residue after 30-h in situ incubation. 
8 NRC (2001).  
9 DCAD = (Na + K) – (Cl + S). 
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Table 4.3. Least squares means and associated SEM for body weight (BW), body condition 
score (BCS), and production parameters response for control cows supplemented with a canola 
meal source (CON), cows fed a diet supplemented with a soybean meal source (TSBM), and 
cows fed a diet supplemented with a blend of CM and SBM source (TCSM) throughout the 
study 
 
Treatment 
SEM 
P-value 
 Contrasts1 
Variable CON TSBM TCSM 1 2 
DMI, kg/d 22.83 20.73 21.34 0.89 0.04 0.40 
BW, kg 671 664 669 8.2 0.38 0.07 
DMI, % of BW 3.40 3.12 3.19 0.11 0.04 0.52 
BCS  3.44 3.47 3.46 0.06 0.82 0.78 
Milk yield       
   Milk yield, kg/d 37.57 35.76 36.23 1.25 0.01 0.38 
   3.5% FCM, kg/d 37.85 37.71 36.57 1.32 0.15 0.87 
   ECM, kg/d 37.33 36.00 36.00 1.21 0.08 0.99 
Milk composition       
   Fat, % 3.59 3.65 3.62 0.13 0.77 0.69 
   Fat, kg/d 1.33 1.31 1.29 0.06 0.35 0.66 
   Protein, % 3.07 3.04 3.05 0.05 0.44 0.71 
   Protein, kg/d 1.14 1.08 1.09 0.03 0.02 0.42 
   Lactose, % 4.74 4.70 4.75 0.04 0.94 0.01 
   Lactose, kg/d 1.78 1.68 1.72 0.05 0.03 0.16 
   Casein, % 2.35 2.32 2.34 0.05 0.35 0.28 
   Casein, kg/d 0.87 0.82 0.84 0.02 0.02 0.31 
   Casein, % protein 76.81 76.22 76.62 0.31 0.29 0.02 
   MUN, mg/dL 15.87 16.08 14.21 0.45 < 0.01 < 0.01 
   SCC × 1,000 /mL 332 458 402 40 0.07 0.15 
3.5% FCM/DMI, 
kg/kg 
1.67 1.80 1.74 0.06 0.38 0.32 
ECM/DMI, kg/kg 1.65 1.76 1.70 0.06 0.38 0.32 
Milk/DMI, kg/kg 1.65 1.74 1.71 0.05 0.21 0.47 
1Contrasts were 1 = CON compared with TCSM; 2 = TSBM compared with TCSM. 
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Table 4.4. Least squares means and associated SEM of nitrogen excretion and apparent digestibility for 
control cows supplemented with a canola meal source (CON), cows fed a diet supplemented with a 
soybean meal source (TSBM), and cows fed a diet supplemented with a blend of CM and SBM source 
(TCSM) throughout the study 
 
Treatment 
SEM 
P-value 
 Contrasts1 
Variable CON TSBM TCSM 1 2 
N intake, g/d 639 567 575 24 0.01 0.75 
Milk protein N2, g/d 178.5 168.5 171.2 5.0 0.01 0.35 
Milk protein N, % of N intake 28.50 30.05 30.53 1.12 0.07 0.66 
Urinary excretion       
   Urine volume3, L/d 18.61 20.71 19.14 1.18 0.75 0.34 
   Total N, g/d 160.9 160.2 150.6 8.01 0.37 0.39 
   Total N, % of N intake 27.33 29.34 25.63 1.41 0.39 0.06 
   Urea N, g/d 126.1 112.7 113.2 7.60 0.23 0.96 
   Urea N, % of total urinary N 75.09 70.94 74.89 3.60 0.97 0.44 
   Allantoin, mmol/d 338.72 326.49 324.93 14.62 0.22 0.89 
   Uric acid, mmol/d  59.77 57.62 57.34 2.58 0.23 0.89 
   Total PD, mmol/d  398.49 384.11 382.27 17.20 0.23 0.89 
PUN, mg/dL 13.61 11.83 12.72 0.54 0.10 0.10 
Fecal N excretion       
   N, g/d 197.96 175.24 178.36 7.45 0.03 0.72 
   N, % of intake 31.55 31.66 32.35 1.57 0.67 0.72 
Manure N excretion4       
   N, g/d 368.3 335.4 328.9 12.63 0.03 0.72 
   N, % of intake 58.37 60.40 59.04 2.36 0.84 0.68 
Output N excretion5       
   N, g/d 546.8 503.9 500.1 15.07 0.02 0.84 
   N, % of intake 86.87 90.44 89.57 3.14 0.51 0.83 
Nutrient intakes, kg/d       
   OM 21.88 20.16 20.82 0.69 0.17 0.38 
   CP 3.99 3.55 3.59 0.15 0.01 0.76 
   ADF 4.08 3.39 3.38 0.29 0.02 0.98 
   NDF 7.42 6.81 7.27 0.29 0.64 0.15 
Apparent digestibility, %       
   OM 65.37 68.37 66.56 1.67 0.42 0.22 
   CP 65.01 66.80 63.76 1.75 0.57 0.18 
   ADF 29.87 25.47 28.49 2.78 0.65 0.32 
   NDF 43.84 48.17 45.35 1.27 0.35 0.08 
1 Contrasts were 1 = CON compared with TCSM; 2 = TSBM compared with TCSM. 
2 Milk true protein N (milk true protein ÷ 6.38). 
3 Estimated from creatinine concentrations in spot urine samples assuming a creatinine excretion of 29 
mg/kg BW (Valadares et al., 1999). 
4 Manure excretion = urinary total N + fecal N. 
5 Output N excretion = manure excretion + milk protein N. 
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Table 4.5. Least squares means and associated SEM for rumen pH, temperature, and VFA response measured 0, 2, 4, 8, 16, and 24 h 
after feeding on day 26 for control cows supplemented with a canola meal source (CON), cows fed a diet supplemented with a 
soybean meal source (TSBM), and cows fed a diet supplemented with a blend of CM and SBM source (TCSM) throughout the 
study 
 
Treatment1 
SEM 
P-value 
 Contrasts2 
TP3 
Variable CON TSBM TCSM 1 2 
Rumen fluid        
  pH 6.28 6.28 6.30 0.17 0.84 0.83 < 0.01 
  Nadir pH 5.79 5.83 5.81 0.02 0.53 0.27 - 
  Temperature, oC 32.01 32.07 31.77 0.73 0.59 0.49 < 0.01 
Total VFA, mmol/L 113.5 108.2 110.7 13.1 0.83 0.85 0.82 
Individual VFA, mol/100 mol total VFA        
  Acetate 63.4 59.0 62.7 1.34 0.62 0.02 0.29 
  Propionate 21.7 23.02 19.3 0.98 0.01 < 0.01 0.20 
  Butyrate  10.5 13.9 13.2 0.55 < 0.01 0.26 0.02 
  Isobutyrate 0.78 0.82 0.96 0.06 < 0.01 0.03 < 0.01 
  Valerate 1.70 1.82 1.78 0.10 0.60 0.76 0.06 
  Isovalerate 1.80 1.40 2.16 0.18 0.01 < 0.01 0.92 
1Data from 3 rumen cannulated cows. 
2 Contrasts were 1 = CON compared with TCSM; 2 = TSBM compared with TCSM. 
3 Time points: 0, 2, 4, 8, 16, and 24 h relative to feeding at 1300 h.  There were no interaction of Treatment × Day (P > 0.05).  
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CHAPTER V. EVALUATION OF RUMEN-PROTECTED LYSINE (RPL) ON PLASMA 
AMINO ACIDS CONCENTRATIONS AND PERFORMANCE OF DAIRY COWS 
INTRODUCTION 
The dairy industry faces the challenge of offering to consumers a high quality product 
produced in environmental friendly production systems (Appleby et al., 2003).  Lower N emissions 
and same milk yield production and milk yield protein can be achieved by diet manipulation 
(Hristov et al., 2011). Studies with reductions in dietary CP content have shown positive results 
(i.e.; no changes on milk yield) and negative results [i.e.; lower milk yield production; (Lee et al., 
2012)]. This negative effect could be alleviated by supplementing low CP diets with rumen-
protected (RP) AA such as Lys, Met, His (Broderick et al., 2008; Lee et al., 2012). Lysine, along 
with Met, are considered the most frequently limiting indispensable AA (IAA) for corn-based 
dairy diets (NRC, 2001). Supplementing dairy diets with RP Lys not only could help to lower N 
emissions but also to enhance some co-products quality. Ethanol production from corn results in 
coproducts such as distillers dried grains with solubles (DDGS) and in dairy diets feeding DDGS 
is a common practice. The biggest challenge is the lower Lys concentration that this product has 
when compared to other protein sources. Hence, supplementing diets that contain DDGS with RP 
Lys could help alleviate Lys deficiencies and improve N efficiency. Studies reported a decrease in 
milk protein yield when cows were offered DDGS without sufficient Lys supply (Carvalho et al., 
2006; Kleinschmit et al., 2006).   
Lysine production on an industrial scale started in 1960 as its importance on feed 
91 
 
formulation began to be considered. At the beginning, Lys was produced by chemical synthesis 
but this technique was expensive. Then, specialized microorganisms were able to produce L-Lys 
by fermenting crop plant substrates such as sugar beet molasses or corn starch hydrolysates. 
Mutants of Corynebacterium and Brevibacterium (glutamic-acid-producing auxotroph) or 
organisms resistant to the Lys antimetabolite S-(3-aminoethyl)-L-cysteine. Actually, conventional 
mutation techniques and recombinant DNA technologies are used to obtain high-Lys producing 
strains (Wallace and Chesson, 2008). The Association of American Feed Control Officials (Noel, 
2000) defined RP as ‘‘a nutrient(s) fed in such a form that provides an increase in the flow of that 
nutrient(s), unchanged, to the abomasum, yet is available to the animal in the intestine.’’ Research 
has been conducted in order to find the most efficient way to decrease rate and extent of feed 
degradation (NRC, 2001).  The most common methods to protect AA from ruminal degradation 
are mechanical and chemical. These processes made possible the availability of commercially 
products (Chalupa and Sniffen, 1991).  Mechanical protection of AA can be achieved by coating 
or mixing them with FA or a blend of different fats, and sometimes by adding kaolin, lecithin, 
glucose, carbonate, or other products. On the other hand, chemical protection of AA can be 
achieved by modifying the amino group [i.e.; polymerization, esterification, or formaldehyde 
reaction; (Kaufmann and Lüpping, 1982)].  
The most efficient method to avoid ruminal degradation and supply an adequate AA 
amount to the intestine is through AA encapsulation with ruminal-inert, pH-sensitive polymers 
(Schwab, 1995). Coating AA allow to get a product that is insoluble at a neutral pH (i.e.; ruminal 
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environment, pH 5 to 7) but soluble at an acid pH (i.e.; abomasum, pH 2 to 3) and turned to be a 
rumen-stable product rather than a slow-release product. However this is biological effective, is 
most expensive and governmental approval may be harder to obtain. Coating efficiency is affected 
by core (i.e.; hardness, size and shape of the surface, and AA content and solubility) and coat (i.e.; 
feed and rumen stability, abomasal release) characteristics (Wu and Papas, 1997). Product particle 
size and specific gravity can alter ruminal retention time (Allen and Mertens, 1988). Increase in 
ruminal retention time could lead to an increase in coating microbial degradation and release of 
nutrients in the rumen (Ji et al., 2016). Advantageous, lipid encapsulation utilizes safe and readily 
available materials which can imply faster and easier governmental approvals. On the other hand, 
it is still challenging to find the right process and coating material that resist storage thermal and 
or mechanical stress and that permits lower ruminal degradation and optimum intestinal release.  
The objectives of this study were 1) to determine the best lipid rumen-protected Lys source (ADM) 
and 2) to determine the short-term effects of targeted rumen-protected and post-ruminal Lys 
supplementation to dairy cows on protein and amino acids in blood; and production of milk and 
milk components. 
MATERIALS AND METHODS 
Animal care and Housing 
The University of Illinois (Urbana-Champaign) Institutional Animal Care and Use 
Committee (#17051 and #18031) approved all experimental procedures. The experimental period 
for Experiment 1 was March to December 2017 and for Experiment 2 was March to May 2018. 
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Cows were housed in tie stalls with sand bedding and ad libitum feed and water access. Diets 
(TMR) were formulated using AMTS.Cattle.Pro version 4.7 (2017, AMTS, LLC, Groton, NY). 
Experiment 1  
 Experiment 1 was designed to test 8 different prototypes (treatment A to H) and was 
carried out in 4 phases. In each phase, 2 prototypes were tested at the same time. Phase 1 was 
designed to test prototype A and B; phase 2, C and D; phase 3, E and F; and phase 4, G and H. 
Eight multiparous Holstein cows were assigned to 1 of 4 treatments in a replicated 4 × 4 Latin 
Square Design on each phase. 
Body weight were 598 ± 64kg, 719 ± 70 kg, 707 ± 66 kg, and 716 ± 53 kg for phase 1, 2, 
3, and 4, respectively. Cows were 117 ± 16, 195 ± 20, 115 ± 33, 171 ± 33 DIM for phase 1, 2, 3, 
and 4, respectively.  Total length of the experiment for each phase was 35 days and consisted of 4 
periods. The first week was an adaptation phase to the diet and no treatment was delivered.  Periods 
(7 d) were divided in washout phase (d 1, no treatment was delivered), adaptation phase (d 2 to 4), 
and phase for statistical inferences (d 5 to 7). Treatments were delivered twice a day (12 h-
intervals) from d 2 to 7 of each period via 28-mL gelatin capsules (Structure Probe Inc., West 
Chester, PA), and administered orally via balling gun.  All cows were fed the same TMR 
throughout each phase once daily at 1200 h. Treatments were as follow; cows fed a basal TMR + 
150g of ground corn (CON); basal TMR + 150g of a commercially-available rumen-protected Lys 
source [AJP, AjiPro-L, 3rd generation, Ajinomoto Heartland Inc., Tokyo, Japan ; (positive 
control)]; basal TMR + 150g of a non-commercially-available rumen-protected Lys source 
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(A,C,E,G); and basal TMR + 150g of a non-commercially-available rumen-protected Lys source 
(B,D,F,H) throughout the experimental period of each phase. The 150g of rumen-protected Lys 
was formulated to provide 112% of the cow’s Lys requirements while cows fed CON received 
94% of the cow’s Lys requirements [AMTS.Cattle.Pro version 4.7; (2017, AMTS, LLC, Groton, 
NY)]. 
Samples of TMR were obtained weekly and analyzed for DM (AOAC, 1995a) by drying 
for 24 h in a forced-air oven at 110℃. Diet composition was adjusted weekly for changes in DM 
content of ingredients.  The TMR offered and refused from each cow was recorded to determine 
intake based on weekly DM analyses. Total mixed ration samples were taken weekly (2 per period) 
and stored at –20℃ until analyzed. Composite samples for each phase (n = 2) were analyzed for 
contents of DM, CP, ADF, aNDF, lignin, NDF (30 h), uNDF (30 h), sugar, starch, fat, ash, TDN, 
NEL, Ca, P, Mg, K, Na, Cl, S, Fe, Zn, Cu, and Mn using wet chemistry methods (Cumberland 
Valley Analytical Services, Hagerstown, MD). Values for DCAD, TDN and NEL were provided 
by the lab and calculated based on NRC (2001). The physical characteristic of the TMR, based on 
the Penn State Particle Separator (Kononoff et al., 2003), was performed weekly.  
Cows were milked 3 times daily at 0430, 12300, and 1930 h in phase 1, and at 0630, 1430, 
and 2130 h in phase 2, 3, and 4. Milk weights were recorded at every milking and samples were 
obtained at each milking from d 5 to 7 of each period. A preservative (800 Broad Spectrum 
Microtabs II; D&F Control Systems, Inc., San Ramon, CA) was added to the samples and stored 
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in a refrigerator at 8℃ for 3 d when they were composited in proportion to milk yield and sent to 
a commercial laboratory (Dairy One, Ithaca, NY) to be analyzed for contents of fat, true protein, 
casein (CN), MUN, lactose, total solids, and for somatic cell count (SCC) using mid-infrared 
procedures (AOAC, 1995b).  
Blood was sampled from the coccygeal vein or artery at 0730h, 0930h, 1130h, and 1330h 
on d 5, 6, 7 of each period from each cow, and on d -3, -2, and -1 of the first period to be used as 
a covariate (BD Vacutainer; BD and Co., Franklin Lakes, NJ). Serum and plasma samples were 
obtained by centrifugation of the tubes at 2,500 × g for 15 min at 4°C and stored at −80℃ for 
further analysis.  Plasma samples were pooled by cow and by day for each period and sent to the 
University of Missouri Agricultural Experiment Station Chemical Laboratories for AA profile 
analysis using HPLC (Deyl et al., 1986; Fekkes, 1996). 
Body weight was measured (Ohaus digital scale, model CW-11, Newark, NJ) and BCS 
was assigned in quarter-unit increments for each cow weekly (Ferguson et al., 1994). More than 
one person assigned a BCS score independently at each time of scoring and the average score was 
used for statistical analysis. 
Experiment 2 
Experiment 2 was designed to test the effect of the best prototype selected from Experiment 
1 (B) on production of milk and milk components, protein and amino acids in blood, and N 
utilization.    
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A total of 18 multiparous Holstein cows [BW (mean ± SD) = 687 ± 68 kg; DIM = 151 ± 
57] were assigned to 1 of 3 treatments in a replicated 3 × 3 Latin Square Design with experimental 
periods of 21 d in length. Total length of the experiment was 73 d. Cows had a 10 d diet adaptation 
period before the start of the trial. Each one of the 3 periods (21 d) was divided in adaptation phase 
(d 1 to 14) and phase for statistical inferences (d 15 to 20). Treatments were as follow: cows fed a 
basal TMR + 150g of dried ground molasses (CON); basal TMR+ 150g of dried ground molasses 
+ a commercially available rumen-protected lysine source (AjiPro-L, Ajinomoto Heartland Inc., 
Tokyo, Japan) at a rate of 0.51% [w:w] of the DM (AJP) (positive control); and basal TMR + 150g 
of dried ground molasses + a rumen-protected lysine prototype source (prototype B, NutraPass 50, 
ADM Animal Nutrition, Quincy, IL) at a rate of 0.51% [w:w] of the DM (NPL). All cows were 
fed once daily at 1230 h. Samples of TMR were obtained weekly and analyzed for DM (AOAC, 
1995a) by drying for 24 h in a forced-air oven at 110℃. Diet composition was adjusted weekly for 
changes in DM content of ingredients. The TMR offered and refused from each cow was recorded 
to determine intake based on weekly DM analyses. Total mixed ration were taken weekly (1 per 
week) and stored at –20℃ until analyzed. Composite samples of TMR for each experimental 
period (n = 3) were analyzed for contents of DM, CP, ADF, aNDF, lignin, NDF (30 h), uNDF (30 
h), sugar, starch, fat, ash, TDN, NEL, Ca, P, Mg, K, Na, Cl, S, Fe, Zn, Cu, and Mn using wet 
chemistry methods (Cumberland Valley Analytical Services, Hagerstown, MD). Values for 
DCAD, TDN and NEL were provided by the lab and calculated based on NRC (2001). The physical 
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characteristic of the TMR, based on the Penn State Particle Separator (Kononoff et al., 2003), was 
performed weekly.  
Cows were milked 3 times daily at 0430, 1200, and 1930 h. Milk weights were recorded at 
every milking and samples were obtained at each milking from d 18 to 20 of each period. A 
preservative (800 Broad Spectrum Microtabs II; D&F Control Systems, Inc., San Ramon, CA) was 
added to the samples and stored in a refrigerator at 8℃ for 3 d when they were composited in 
proportion to milk yield and sent to a commercial laboratory (Dairy One, Ithaca, NY) to be 
analyzed for contents of fat, true protein, CN, MUN, lactose, total solids, and for somatic cell count 
(SCC) using mid-infrared procedures (AOAC, 1995b). 
Blood was sampled from the coccygeal vein or artery at 1630 h and 2030 h (4 and 8 h after 
feeding, respectively) on d 18, 19, and 20 of each period from each cow, and on d -3, -2, and -1 of 
the first period to be used as a covariate (BD Vacutainer; BD and Co., Franklin Lakes, NJ). Serum 
and plasma samples were obtained by centrifugation of the tubes at 2,500 × g for 15 min at 4°C 
and stored at −80℃ for further analysis.  Plasma samples were pooled by cow and by day and sent 
to the University of Missouri Agricultural Experiment Station Chemical Laboratories for amino 
acid profile analysis. Beta hydroxybutyrate (BHB) was analyzed from whole blood immediately 
after sampling using a digital cow side ketone monitor (Nova Max Plus, Nova Biomedical 
Corporation, Waltham, MA) on d 19 at 4:30 h of each period from each cow. Heparinized plasma 
samples were sent to the University of Illinois Veterinary Diagnostic Laboratory to be analyzed 
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for bovine chemistry profiles [albumin, globulin, creatinine glucose, PUN, total protein, 
triglyceride, alkaline phosphatase (ASP), aspartate aminotransferase, creatinine kinase (CPK), 
gamma glutamyl transferase, glutamate dehydrogenase, total bilirubin, total cholesterol, Ca, Cl, 
Mg, Na, K, P, anion gap, and bicarbonate] using the AU680 Beckman Coulter analyzer 
(http://vetmed.illinois.edu/vet -resources/veterinary-diagnostic-laboratory/clinical -pathology/).. 
Body weight was measured on 3 consecutive days at the start of the trial and at the end of 
each period (Ohaus digital scale, model CW-11, Newark, NJ) and BCS was assigned in quarter-
unit increments for each cow weekly (Ferguson et al., 1994). More than one person assigned a 
BCS score independently at each time of scoring and the average score was used for statistical 
analysis. 
Total mixed rations, orts, and fecal samples were collected to determined total-tract 
digestibility of DM, OM, and CP from d 18 to 21 of each period as described by Farmer et al. 
(2014). A total of 8 fecal grab samples were collected per cow per period so that every 3 h in a 24h 
period were represented. Samples of TMR, orts, and feces were stored at −20°C. Samples were 
composited by cow and by period (fecal samples were composited on an equal wet weight basis) 
for DM, OM, and CP analysis (Cumberland Valley Analytical Services Inc.). Total-tract 
digestibility was calculated as described by Farmer et al. (2014). 
Spot urine samples were obtained approximately 6 h pre-feeding and 6 h post-feeding on 
d 19 of each period through mechanical stimulation of the vulva. After collection, 15 mL of urine 
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was pipetted into a specimen container containing 60 mL of 0.072 N H2SO4 and stored at −20°C 
until analyzed. Urine samples were thawed and composited (equal volume based) by cow and 
period and analyzed for creatinine, uric acid, and urea-N (Veterinary Mediacal Diagnostic 
Laboratory, MO); allantoin (Chen et al., 1992); and total N (Cumberland Valley Analytical 
Services Inc.). Daily urinary volume and excretion of urea-N, total N, and allantoin was estimated 
from urinary creatinine concentration assuming a creatinine excretion rate of 29 mg/kg of BW 
(Valadares et al., 1999).  
Statistical Analyses 
Experiment 1.  
Data collected from d 5 to 7 of each period were analyzed using SAS (v. 9.4, SAS Institute 
Inc., Cary NC). Data were analyzed as a replicated Latin square by the following model 
𝑦𝑖𝑗𝑘𝑙 =  𝜇 + 𝑆𝑖 + 𝐴(𝑖)𝑗 + 𝑃(𝑖)𝑘 +  𝑇(𝑖)𝑙  + 𝑒(𝑖𝑗𝑘)𝑙 
where 𝑦𝑖𝑗𝑘𝑙𝑚  is the observation for dependent variables; 𝜇 is the general mean. 𝑆𝑖  is the fixed 
effect of the ith square; 𝐴(𝑖)𝑗 is the random effect of the j
th cow in the ith square; 𝑃(𝑖)𝑘 is the fixed 
effect of the kth period, 𝑇(𝑖)𝑙 is the fixed effect of the l
th treatment, and e(ijk)l is the random error.. 
Somatic cell count was log transformed for better normality and homoscedasticity of residuals and 
presented back transformed. Three treatment single-degree-of-freedom contrasts were used. 
Contrast 1 (CONT1): CON compared with AJP, Contrast 2 (CONT2): AJP compared with A (C, 
E, and G in each round respectively); and Contrast 3 (CONT3): AJP compared with B (D, F, and 
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H in each round respectively).  Degrees of freedom method was Kenward-Rogers (Littell et al., 
2002). Residuals distribution was evaluated for normality and homoscedasticity. Statistical 
significance was declared at P ≤ 0.05 and trends at 0.05 < P ≤ 0.11. Data collected from d 5 to 7 
and 15 to 20 of each period were analyzed using SAS (v. 9.4, SAS Institute Inc., Cary NC).  
Experiment 2.  
Data collected from d 15 to 20 of each period were analyzed using SAS (v. 9.4, SAS 
Institute Inc., Cary NC). Data were analyzed as a replicated Latin square by the following model 
yijkl =  μ +  Si + A(i)j + P(i)k +  𝑇(i)l  + e(ijk)l 
where 𝑦𝑖𝑗𝑘𝑙𝑚  is the observation for dependent variables; 𝜇 is the general mean. 𝑆𝑖  is the fixed 
effect of the ith square; 𝐴(𝑖)𝑗 is the random effect of the j
th cow in the ith square; 𝑃(𝑖)𝑘 is the fixed 
effect of the kth period, 𝑇(𝑖)𝑙 is the fixed effect of the l
th treatment, and e(ijk)l is the random error. 
Two single-degree-of-freedom contrasts were used. Contrast 1 (CONT): CON compared with 
NPL and Contrast 2 (CONT2): AJP compared with NPL. Degrees of freedom method was 
Kenward-Rogers (Littell et al., 2002). Residuals distribution was evaluated for normality and 
homoscedasticity. Statistical significance was declared at P ≤ 0.05 and trends at 0.05 < P ≤ 0.11.  
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RESULTS 
Diet Composition  
The ingredient compositions of the diets of Experiments 1 and 2 are in Table 5.1. Chemical 
compositions of the TMR of Experiment 1 and 2 are in Table 5.2.  
 
Experiment 1 
Phase 1 
Performance data are in Table 5.3. There were no differences among treatments for either 
contrasts (CONT1 or CONT2) for DMI, BW, DMI as a percent of BW, BCS, milk yield, or milk 
composition. Dry matter intake was greater for cows fed B than cows fed AJP (P <0.01, CONT3). 
Milk yield tended to be greater for cows fed B than cows fed AJP (P = 0.07, CONT3). Milk protein 
yield was greater for cows fed B than cows fed AJP (P = 0.02; CONT3). Casein as a percentage 
of protein was greater for cows fed AJP than cows fed CON (P = 0.04; CONT1). Milk urea 
Nitrogen was greater for cows fed AJP than cows fed CON and B (P = 0.01 and P = 0.05, CONT1 
and CONT3, respectively).  
Plasma AA concentrations are in Table 5.4. There were no differences among treatments 
for either contrasts (CONT1, CONT2, or CONT3) for total AA (TAA) concentrations (P > 0.10). 
Plasma Lys concentration as a percentage of TAA and plasma Lys concentration as a percentage 
of total indispensable AA (IAA) was greater for cows fed AJP than cows fed CON, A, and B (P 
102 
 
< 0.01; CONT1, CONT2, and CONT3 , respectively). Plasma Ala concentration as a percentage 
of TAA was greater for cows fed CON than cows fed AJP (P < 0.01, CONT1).  
Amino acid and various metabolites concentration in plasma are in Appendix 2.Plasma Lys 
concentration tended to be greater for cows fed AJP than cows fed CON (P = 0.10, CONT1). 
Plasma Gln concentration tended to be greater for cows fed AJP than cows fed CON (P = 0.06, 
CONT1). Plasma α-amino-adipic acid concentration was greater for cows fed than cows fed AJP 
(P = 0.04; CONT3). 
Phase 2 
Performance data are in Table 5.5. There were no differences among treatments for either 
contrasts (CONT1, CONT2, or CONT3) for DMI, BW, DMI as a percent of BW, BCS, and 
production milk yield, or milk composition (P > 0.10).  
Plasma AA concentrations are in Table 5.6. Total dispensable AA (DAA) tended to be 
greater for cows fed AJP than cows fed CON, C, or D (P = 0.06, P =0.08, P =0.06; CONT1, 
CONT2, CONT3, respectively). Plasma sulfur AA concentrations was greater for cows fed AJP 
than cows fed D (P = 0.04; CONT3). Plasma Lys concentration as a percentage of TAA and plasma 
Lys concentration as a percentage of IAA was greater for cows fed AJP than cows fed CON (P = 
0.03 and P < 0.01; CONT1).Plasma Arg concentration as a percentage of TAA was lower for cows 
fed AJP than cows fed C (P = 0.03; CONT2). Plasma His concentration as a percentage of TAA 
was lower for cows fed AJP than cows fed C and cows fed D (P = 0.04, P = 0.05; CONT2 and 
CONT3, respectively). Plasma Ile concentration as a percentage of TAA was lower for cows fed 
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AJP than cows fed C and cows fed D (P = 0.04, P = 0.03; CONT2 and CONT3, respectively). 
Plasma Leu concentration as a percentage of TAA was lower for cows fed AJP than cows fed C 
and cows fed D (P = 0.01, P = 0.02; CONT2 and CONT3, respectively).  Plasma Gln concentration 
as a percentage of TAA was greater for cows fed AJP than cows fed C (P = 0.05, CONT2). Plasma 
Gly concentration as a percentage of TAA was greater for cows fed AJP than cows fed CON (P = 
0.04, CONT1). Plasma Tyr concentration as a percentage of TAA was greater for cows fed AJP 
than cows fed CON (P < 0.01, CONT1).   
Amino acid and various metabolites concentrations in plasma are in Appendix 3.Plasma 
Lys concentration tended to be greater for cows fed AJP than cows fed CON (P = 0.08, CONT1). 
Plasma Ala concentration was greater for cows fed AJP than cows fed D (P = 0.05, CONT3). 
Plasma Gln concentration was greater for cows fed AJP than cows fed CON and cows fed C (P = 
0.03 and P = 0.02, CONT1 and CONT2, respectively).  Plasma Gly concentration was greater for 
cows fed AJP than cows fed CON and cows fed D (P < 0.01 and P = 0.02, CONT1 and CONT3, 
respectively).    
Phase 3 
Performance data are in Table 5.7. There were no differences among treatments for either 
contrasts (CONT1, CONT2, or CONT3) for DMI, BW, DMI as a percent of BW, BCS, and 
production milk yield, or milk composition (P > 0.10). Fat corrected milk efficiency (3.5%) was 
greater for cows fed E than cows fed AJP (P = 0.04, CONT2). Also energy corrected milk 
efficiency was greater for cows fed E than cows fed AJP (P = 0.05, CONT2). 
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Amino acid concentrations in plasma are in Table 5.8. Total dispensable AA was greater 
for cows fed AJP than cows fed CON (P = 0.05, CONT1). Plasma Lys concentration as a 
percentage of TAA and plasma Lys concentration as a percentage of IAA was greater for cows fed 
AJP than cows fed F (P < 0.01, CONT3). Plasma Lys concentration as a percentage of TAA tended 
to be greater for cows fed AJP than cows fed CON (P = 0.06, CONT1) and plasma Lys 
concentration as a percentage of IAA was greater for cows fed AJP than cows fed CON (P < 0.01; 
CONT1). Plasma Met concentration as a percentage of TAA tended to be greater for cows fed AJP 
than cows fed E (P = 0.07, CONT2). Plasma Phe concentration as a percentage of TAA was greater 
for cows fed CON than cows fed AJP (P = 0.04, CONT1). Plasma Thr concentration as a 
percentage of TAA was greater for cows fed CON than cows fed AJP (P < 0.01, CONT1).  Plasma 
Val concentration as a percentage of TAA was greater for cows fed CON than cows fed AJP (P < 
0.01, CONT1). Plasma Ala concentration as a percentage of TAA tended to be greater for cows 
fed AJP than cows fed CON (P = 0.10, CONT1). Plasma Glu concentration as a percentage of 
TAA was greater for cows fed AJP than cows fed CON and F (P = 0.05 and P = 0.02; CONT1 and 
CONT3; respectively).  
Amino acid and various metabolites concentrations in plasma are in Appendix 4. Plasma 
Lys concentration was greater for cows fed AJP than cows fed F (P = 0.04, CONT3). Plasma Lys 
concentration tended to be greater for cows fed AJP than cows fed CON (P = 0.09, CONT1). 
Plasma His concentration was greater for cows fed F than cows fed AJP (P = 0.04, 
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CONT3).Plasma Ala concentration tended to be greater for cows fed AJP than cows fed CON (P 
= 0.09, CONT1). 
Phase 4 
Performance data are in Table 5.9. There were no differences among treatments for either 
contrasts (CONT1, CONT2, or CONT3) for DMI, BW, DMI as a percent of BW, BCS, and 
production milk yield, or milk composition (P > 0.10). Fat corrected milk efficiency (3.5%) was 
greater for cows fed AJP than cows fed G (P = 0.04, CONT2).  Also energy corrected milk 
efficiency was greater for cows fed AJP than cows fed G (P = 0.05, CONT2). 
Amino acid concentrations in plasma are in Table 5.10. Total sulfur AA tended to be 
greater for cows fed CON than cows fed AJP (P = 0.06, CONT1). Plasma Lys concentration as a 
percentage of TAA and plasma Lys concentration as a percentage of IAA was greater for cows fed 
AJP than cows fed CON (P = 0.01 and P < 0.01, CONT1). Plasma Phe concentration as a 
percentage of TAA was greater for cows fed G than cows fed AJP (P = 0.01, CONT2). Plasma 
Asp concentration as a percentage of TAA was greater for cows fed CON than cows fed AJP (P 
= 0.03, CONT1). Plasma Asp concentration as a percentage of TAA was greater for cows fed G 
and cows fed H than cows fed AJP (P = 0.05 and P = 0.03, CONT2 and CONT3, respectively).   
Amino acid and various metabolites concentrations in plasma are in Appendix 5. Plasma 
Phe concentration was greater for cows fed G than cows fed AJP (P = 0.05, CONT2).Plasma Asp 
concentration was lower for cows fed AJP than cows fed CON, cows fed G, and cows fed H (P = 
0.01, P = 0.01, and P < 0.01; CONT1, CONT2, and CONT3, respectively).  
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Experiment 2  
Performance data are in Table 5.11. There were no differences among treatments for either 
contrasts (CONT1 or CONT2) for DMI, BW, DMI as a percent of BW, and BCS. Milk yield was 
greater for cows fed NPL than cows fed AJP (P = 0.03, CONT2). Fat corrected (3.5%) milk yield 
tended to be greater for cows fed NPL than cows fed AJP (P = 0.06, CONT2). Energy corrected 
milk yield was greater for cows fed NPL than cows fed AJP (P = 0.04, CONT2). Milk protein 
yield was greater for cows fed NPL than cows fed AJP (P = 0.02; CONT2). Milk lactose yield was 
greater for cows fed NPL than cows fed AJP (P = 0.03; CONT2). Milk CN yield was greater for 
cows fed NPL than cows fed AJP (P = 0.01; CONT2). Milk urea nitrogen tended to be greater for 
cows fed NPL than cows fed CON (P = 0.10; CONT1).  
Amino acid concentrations in plasma are in Table 5.12. There were no differences among 
treatments for either contrasts (CONT1 or CONT2, or CONT3) for TAA concentrations (P > 0.10). 
Plasma Lys concentration as a percentage of TAA and plasma Lys concentration as a percentage 
IAA was greater for cows fed NPL than cows fed CON  (P < 0.01, CONT1). Plasma Lys 
concentration as a percentage of TAA tended to be greater for cows fed AJP than cows fed NPL 
(P = 0.08, CONT2). Plasma Pro concentration as a percentage of TAA was greater for cows fed 
NPL than cows fed AJP (P = 0.02, CONT2).  
Amino acid and various metabolites concentration in plasma are in Table Appendix 6. 
Plasma His concentration was greater for cows fed CON than cows fed AJP (P = 0.10, CONT1). 
Plasma Trp concentration was greater for cows fed AJP than cows fed CON (P < 0.01, CONT1). 
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Plasma Ser concentration tended to be greater for cows fed NPL than cows fed AJP (P = 0.06; 
CONT2). Plasma 3-methyl-histidine concentration tended to be greater for cows fed CON than 
cows fed NPL (P =0.08, CONT1). 
Nitrogen partitioning and apparent digestibility data are in Table 5.13.Nitrogen intake and 
milk protein N was greater for cows fed NPL than cows fed AJP (P = 0.02, CONT2). Microbial 
production tended to be greater for cows fed NPL than cows fed AJP (P = 0.07, CONT2). Plasma 
urea nitrogen was lower for cows fed CON than cows fed NPL (P = 0.02, CONT1). Dry matter 
and OM intake was greater for cows fed NPL than cows fed AJP (P = 0.03, CONT2). Crude protein 
intake was greater for cows fed NPL than cows fed AJP (P = 0.02, CONT2). Neutral detergent 
fiber and ADF intake tended to be greater for cows fed NPL than cows fed AJP (P = 0.06, CONT2). 
Acid detergent fiber digestibility was greater for cows fed NPL than cows fed AJP (P = 0.02, 
CONT2) and tended to be greater than cows fed CON (P = 0.07, CONT1).       
Blood parameters data are in Table 5.14. Albumin tended to be greater for cows fed CON 
than cows fed NPL (P = 0.08, CONT1). Creatinine tended to be greater for cows fed NPL than 
cows fed AJP (P = 0.08, CONT2). Glucose was greater for cows fed CON than cows fed NPL (P 
= 0.02, CONT1). Alkaline phosphatase tended to be lower for cows fed NPL than cows fed AJP 
(P = 0.09, CONT2). Creatinine kinase was greater for cows fed CON than cows fed NPL (P < 
0.01, CONT1). Total bilirubin was lower for cows fed CON than cows fed NPL (P = 0.03, 
CONT1).     
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DISCUSSION 
Experiment 1 
It is not surprising that cows fed AJP had greater plasma Lys concentration as a percentage 
of TAA and plasma Lys concentration as a percentage of IAA than cows fed CON among all the 
phases of Experiment 1. However, there were no milk yield, milk protein concentration, milk 
protein yield, or milk CN yield differences among cow fed AJP and cows fed CON throughout the 
4 phases of Experiment 1. Although a low plasma AA concentration is usually correlated with a 
low mammary supply, it does not necessarily mean that milk protein synthesis is limited by this 
AA (Paz al., 2013). A possible explanation is that during the short term the mammary gland has 
the capability to adapt and extract Lys more efficiently leading to milk protein yield increment 
when Lys is limiting (Mjoun et al., 2010). 
Cows fed CON had lower MUN than cows fed AJP and greater plasma Ala as a percentage 
of TAA concentrations during phase 1 of Experiment 1. It was estimated that about a 35% of the 
contribution to the gastro intestinal tract metabolism is derived from glucose and the remaining 
65% of the contribution is derived from AA (Reeds et al., 1998). Hence, in order to support protein 
synthesis Ala, among other AA, has to be synthesized almost entirely by the animals. Alanine was 
proposed as a bacterial control mechanism to prevent excessive NH3 accumulations and to remove 
excess pyruvate when there is a surplus of available energy and bacterial metabolism is rapid 
(Blake et al., 1983).  It was suggested that Ala act as shuttle of NH3 and amino groups between 
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peripheral tissues and the liver (Bergman and Pell, 1985; Atasoglu and Wallace, 2003).  
Experiment 2  
It is worthy mention that in this study, large amounts of RP Lys [i.e.; 110.3 % Lys 
requirement according to NRC (2001) recommendations] were supplemented in order to observe 
a response in milk protein with increased Lys supply. The greater milk yield and milk lactose yield 
on cows fed NPL compared to cows fed AJP could be explained by the numerical difference on 
DMI and DMI as a percentage of BW (Histrov et al. 2004, Martin and Sauvant, 2002). Although 
feeding RP AA leads to a known amount of AA supply increment, milk protein response to this 
increment is still variable (Doepel et al., 2004). Lin et al. (20198) reported that Lys 
supplementation promotes protein synthesis at the same time that it suppresses protein degradation 
by mammary epithelia cells and improves β-CN synthesis (Lin et al., 2018). Lysine has limited 
hepatic oxidation and removal and is catabolized in the mammary gland in order to provide the 
amino groups for DAA synthesis (Mepham, 1982; De Lange et al., 1992; Lapierre et al. 2005). 
For example, when Lys was taken up in excess by the mammary gland, it was used for the synthesis 
of Asp and Glu (Lapierre et al., 2005).  Hence, the tendency for lower Lys as a TAA percentage 
and greater milk protein and casein yields for cows fed NPL compared to cows fed AJP could 
mean that the RP Lys prototype tested (i.e.;, NPL) had greater mammary Lys uptake and oxidation. 
Furthermore, the lack of differences on milk yield and milk protein yield between cows fed a diet 
with lower Lys supply and cows fed NPL could be due to a mammary gland adaptation and more 
efficient Lys extraction (Mjoun et al., 2010). 
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For the purpose of this study, Lys duodenal flow for cows fed a RP Lys source was 
estimated to be 239 g/d and 200 g/d for those cows that were not supplemented with a RP Lys 
source according to the ration evaluation program used (AMTS.Cattle.Pro version 4.7, 2017). 
Current ration evaluation programs assumes a positive correlation between AA duodenal flow and 
mammary gland AA supply leading to a milk protein secretion increment and that AA use 
efficiency is constant. Conversely, Doepel et al. (2004) suggested that AA use efficiency is not 
constant due to inefficiencies within the mammary gland or differences on its blood flow, or to 
AA metabolism in other tissues. For example, Bequette et al. (1998) found a positive relationship 
between Leu supply increments and mammary gland Leu oxidation. This could explain why there 
were no protein concentration or milk protein yield differences between cows fed a RP Lys source 
and cows that were not supplemented with a RP Lys source. Hence, the tendency for lower Lys as 
a TAA percentage and greater milk protein yield for cows fed NPL compared to cows fed AJP 
could mean that the RP Lys prototype tested delivered a similar amount of MP-Lys than AJP. 
Although it was proposed that limiting IAA could be detected by differences on plasma 
IAA (Broderick et al., 1974), Patton et al. (2015) found no correlations between these two. 
Furthermore, Patton el al. (2015) proposed that duodenal AA balance cannot be determined by 
plasma concentrations but the optimum balance could potentially be close to CN IAA distribution. 
Cows duodenally infused with Met and Lys had greater milk protein concentration but lower 
arterial IAA concentration suggesting an AA removal increment (Schwab et al., 1992). 
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Conversely, cows fed a Lys-deficient diet that were either duodenally infused with l-Lys HCl or 
supplemented with RP Lys had greater milk protein concentration and arterial DAA concentration 
(Guinard and Rulquin, 1994; Paz et al., 2013). These led to the author to speculate that IAA 
increments is due to lower AA oxidation and improved N efficiency. Although N intake and milk 
protein N was greater for cows fed NPL than cows fed AJP, milk efficiency (i.e. milk protein N / 
%N intake) did not differ. Cows fed NPL had greater DM, OM, CP, ADF, and NDF intake than 
cows fed AJP but there were not apparent digestibility differences. This could be explained by the 
numerical difference on DMI between cows fed RP Lys and cows that were not fed RP Lys. A 
possible speculation is that Lys breakdown by rumen protozoa forms pipecolic acid (Onodera and 
Kandatsu, 1974) and this could have negatively affected intake. Lysine is degraded to α- 
aminoadipate-6-semialdehyde in the liver primarily through the saccharopine pathway and to a 
lower extent through the pipecolic pathway (Wu, 2009). The pipecolic pathway is mostly active 
in the brain, where L-pipecolic acid is involved in the functioning of γ-aminobutyric acid (GABA) 
and has effects on animal feeding behavior (D'Mello, 2003). A study conducted by Takagi et al. 
(2001) showed that L- pipecolic acid inhibits feed intake. Furthermore, in this experiment, cows 
fed RP Lys had lower plasma His concentrations. Results in this experiment are in concordance 
with findings done by Giallongo et al. (2016) where cows that showed lower plasma histidine 
concentrations also showed lower milk yield and ECM but no differences in feed and ECM 
efficiencies, milk fat, protein and lactose concentrations, BW and BCS. Histidine could be a 
limiting amino acid for cows fed a corn silage and alfalfa haylage diet (Lee et al., 2012).  Patton 
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el al. (2015) indicated that His can potentially be limiting when Lys or Met requirements are 
fulfilled. The greater IAA plasma utilization could be related to a greater tissue synthesis. Although 
His has a negative effect on non-ruminant feed intake, increasing His either by abomasal infusion 
(Lapierre et al., 2014; Ouellet et al., 2014) or by supplementing cows with RP His (Lee et al., 
2012; Giallongo et al., 2015)  led to an increment on lactating cows DMI. Furthermore, lower DMI 
was observed when His was limiting (Weekes et al., 2006; Stahel et al., 2014).  
Although cows fed NPL had a tendency for greater MUN and PUN they have lower plasma 
levels of CPK and a tendency for lower 3-methyl histidine than cows fed CON. These differences 
could suggest that the N disposal of cows fed NPL was not coming from muscle protein 
breakdown. Variations on plasma concentrations of 3-methyl histidine, a component of actin and 
myosin, has been used as muscle protein mobilization because it is not re-utilized in protein 
synthesis (D’mello, 2003, Sawada et al., 2012). Although greater muscle mass has been related 
with increased creatinine plasma concentrations (Perrone et al., 1992), there was no BW 
differences between cows fed AJP and cows fed NPL.  
CONCLUSIONS 
Our results indicated that under the conditions of the present study, there were no differences 
on plasma Lys concentration as a percentage of total amino acids between cows fed the 
commercially RP Lys source and the prototype. Cows fed NPL had greater milk yield, milk protein 
yield, and CN yield than cows fed AJP. There were no differences in N efficiency (i.e.; milk protein 
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N as a % of protein intake) or N excretion (i.e.; urinary urea N or total urinary N) among treatments. 
Also cows fed NPL had lower CPK and a tendency for lower 3-methyl-histidine plasma 
concentrations that cows that were not fed a RP Lys source (CON). This could suggest that NPL 
delivered a similar amount of MP-Lys than AJP.   
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TABLES 
 
Table 5.1. Ingredient composition of the basal lactation diet fed to multiparous Holstein cows 
throughout Experiment 1 and 2 
Ingredient, % DM 
Experiment 
1  2 
CON AJP A,C,E,G B,D,FH  CON AJP NPL 
Corn silage1 52.19 52.19 52.19 52.19  51.06 50.77 50.77 
Corn gluten feed 2.52 2.52 2.52 2.52  4.31 4.29 4.29 
Canola meal 4.28 4.28 4.28 4.28  8.95 8.90 8.90 
Alfalfa hay 5.49 5.49 5.49 5.49  10.31 10.24 10.24 
Grass hay 5.72 5.72 5.72 5.72  - - - 
Soy hulls 1.75 1.75 1.75 1.75  - - - 
Dry ground corn grain 13.35 13.35 13.35 13.35  13.96 13.89 13.89 
Calcium 0.36 0.36 0.36 0.36  0.37 0.39 0.39 
Rumen protected methionine2 0.04 0.04 0.04 0.04  0.04 0.04 0.04 
Rumen protected Lysine3  - 0.47 - -  - 0.51 - 
Rumen protected Lysine4 - - 0.32 0.32  - - 0.51 
Soybean Meal 6.96 6.96 6.96 6.96  4.10 4.08 4.08 
Energy Booster5 1.93 1.93 1.93 1.93  2.17 2.16 2.16 
Urea 46% 0.73 0.73 0.73 0.73  0.49 0.48 0.48 
Molasses Dried 1.87 1.87 1.87 1.87  1.91 1.91 1.91 
Vitamin and Mineral Mix6 2.30 2.30 2.30 2.30  2.21 2.21 2.21 
1 Experiment 1 fed at 32.9 and Experiment 2 fed at 30.3 % corn silage DM. 
2 Smartamine M (Adisseo, Alpharetta, GA). 
3 AjiPro-L (Ajinomoto Heartland Inc., Tokyo, Japan). 
4 ADM Animal Nutrition, Quincy, IL. 
5 Energy Booster 100® (Milk Specialties Global, Paris, IL) 
6 Mineral and Vitamin mix was formulated to contain 12.51% Ca, 14.06% Na, 9.60% Cl, 
3.18% Mg, 6.48% K, 0.19% S, 26.93 mg/kg Co, 301.01 mg/kg of Cu, 40.22 mg/kg of I, 
678.25 mg/kg Fe, 1,519.35 mg/kg Mn, 8.62 mg/kg Se, 4.47 mg/kg of organic Se, 1621.05 
mg/kg of Zn, 43.34 kIU/kg Vitamin A, 10.89 kIU.kg of Vitamin D3, 466.41 IU/kg of Vitamin 
E, 4.23 mg/kg of biotin, 46.65 mg/kg of thiamine, and 0.35 g/kg of monensin (Rumensin, 
Elanco, Greenfield, IN). 
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Table 5.2. Ingredient composition of the basal lactation diet fed to multiparous Holstein cows 
throughout Experiment 1 and 2 
 Experiment 11  Experiment 
2 
 
SD2 
Item 
Phase 
1 
Phase 
2 
Phase 
3 
Phase 
4 
 
DM, % 49.7 47.95 50.15 46.70  43.65 5.37 
CP, % of DM 15.05 14.35 18.05 15.90  16.07 1.06 
ADF, % of DM 22.2 21.10 22.10 19.90  20.2 1.98 
aNDF, % of DM 34.5 31.70 33.75 31.25  31.27 2.04 
Lignin, % of DM 3.28 3.13 3.58 2.79  3.77 0.25 
NDF (30 h), % of DM 20.05 17.75 18.25 18.95  17.07 0.92 
uNDF (30 h), % of DM 14.4 13.95 15.5 12.30  14.2 1.7 
Sugar, % of DM 3.05 5.30 4.65 5.30  2.52 1.13 
Starch, % of DM 27.7 29.60 26.00 26.05  24.95 2.04 
Crude fat, % of DM 4.34 4.51 4.47 3.96  4.79 0.29 
Ash, % of DM 7.17 8.01 6.57 6.51  8.95 1.11 
NEL, Mcal/kg of DM3 1.65 1.67 1.67 1.69  1.64 0.01 
Ca, % of DM 0.53 0.95 0.55 0.74  1.77 0.45 
P, % of DM 0.36 0.35 0.40 0.38  0.46 0.04 
Mg, % of DM 0.29 0.29 0.29 0.31  0.32 0.01 
K, % of DM 1.55 1.61 1.64 1.57  1.60 0.07 
Na, % of DM 0.44 0.43 0.45 0.37  0.34 0.07 
Cl, % of DM 0.52 0.48 0.48 0.54  0.47 0.09 
S, % of DM 0.20 0.20 0.26 0.22  0.24 0.03 
Fe, ppm 263.5 403.50 374.50 337.00  476.25 78.49 
Zn, ppm 69 68.00 80.00 76.50  133.5 16.26 
Cu, ppm 17.00 18.00 17.00 16.50  17 73.05 
Mn, ppm 76.5 87.50 83.00 87.50  127.75 14.85 
DCAD (mEq/100gdm) 31.8 33.85 31.40 27.55  27.3 3.61 
1 Phase 1 = CON, AJP, A, and B. Phase 2 = CON, AJP, C, and D. Phase 3 = CON, AJP, E, and 
F. Phase 4 = CON, AJP, G, and H. 
2 Maximum between treatment standard deviation. 
3 NRC (2001). 
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Table 5.3. Least squares means and associated SEM for body weight (BW), body condition score 
(BCS), production parameters response of the basal lactation diet fed to negative control cows fed the 
basal TMR + 150g of ground corn (CON), positive control cows fed the basal TMR + 150g of a 
commercially-available Rumen protected lysine source (AJP), cows fed the basal TMR + 150g of a 
non-commercially-available Rumen protected lysine source (A), and 150g of a non-commercially-
available Rumen protected lysine source (B) throughout phase 1 of  Experiment 1 
 Treatment1  
 
P-value 
Variable 
CON AJP A B SEM 
Contrasts2 
1 2 3 
DMI, kg/d 22.49 22.31 23.06 24.00 0.93 0.77 0.22 < 0.01 
BW, kg 599 600 601 605 17.15 0.80 0.87 0.44 
DMI, % of BW 3.70 3.83 3.90 3.99 0.32 0.64 0.75 0.51 
BCS  3.25 3.09 3.12 3.22 0.08 0.08 0.71 0.16 
Milk yield         
   Milk yield, kg/d 39.68 39.07 40.09 40.86 2.05 0.55 0.32 0.07 
   3.5% FCM, kg/d 42.00 40.67 41.31 42.24 1.63 0.18 0.52 0.11 
   ECM, kg/d 40.81 40.26 40.80 40.69 7.53 0.57 0.58 0.14 
Milk composition         
   Fat, % 3.94 3.82 3.78 3.76 0.19 0.24 0.82 0.61 
   Fat, kg/d 1.51 1.46 1.47 1.51 0.06 0.18 0.66 0.11 
   Protein, % 2.98 2.96 2.99 3.00 0.06 0.44 0.22 0.07 
   Protein, kg/d 1.17 1.14 1.19 1.21 0.06 0.43 0.13 0.02 
   Lactose, % 4.85 4.88 4.88 4.86 0.06 0.08 0.94 0.10 
   Lactose, kg/d 1.93 1.90 1.95 1.98 0.10 0.64 0.30 0.11 
   Casein, % 2.32 2.31 2.34 2.34 0.05 0.58 0.20 0.12 
   Casein, % protein 78.1 78.3 78.3 78.2 0.23 0.04 0.85 0.24 
   Casein, kg/d 0.91 0.95 0.93 0.95 0.05 0.47 0.67 0.89 
   MUN, mg/dL 15.88 17.20 16.50 16.15 0.56 0.01 0.20 0.05 
   SCC × 1,000 /mL 432 664 374 337 352 0.17 0.08 0.05 
3.5% FCM/DMI, kg/kg 1.92 1.88 1.81 1.79 0.07 0.51 0.27 0.16 
ECM/DMI, kg/kg 1.86 1.83 1.77 1.75 0.07 0.54 0.30 0.17 
Milk/DMI, kg/kg 1.80 1.79 1.76 1.74 0.09 0.79 0.65 0.36 
1 Experiment 1, phase 1. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with A; and 3 = AJP compared with 
B. 
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Table 5.4. Least squares means and associated SEM for plasma AA profile  response of the basal lactation diet fed 
to negative control cows fed the basal TMR + 150g of ground corn (CON), positive control cows fed the basal 
TMR + 150g of a commercially-available Rumen protected lysine source (AJP), cows fed the basal TMR + 150g 
of a non-commercially-available Rumen protected lysine source (A), and 150g of a non-commercially-available 
Rumen protected lysine source (B) throughout phase 1 of  Experiment 1 
 Treatment1  P-value 
Amino Acids  CON AJP A B SEM 
Contrasts2 
1 2 3 
Total AA (TAA), μM/L 2314 2252 2340 2382 70.32 0.54 0.37 0.19 
Total Indispensable AA, μM/L 1072 1065 1084 1110 34.82 0.87 0.68 0.34 
Total Dispensable AA, μM/L 1240 1190 1255 1271 42.83 0.38 0.27 0.17 
Total branched-chain AA3, μM/L 648 640 656 672 21.41 0.79 0.60 0.30 
Total urea cycle AA4, μM/L  230.3 238.3 241.1 246.2 11.01 0.51 0.81 0.52 
Total sulfur AA5, μM/L 91.93 87.96 88.73 92.16 3.88 0.43 0.87 0.41 
Indispensable, % TAA  
Arginine 3.12 3.28 3.13 3.13 0.11 0.30 0.33 0.31 
Histidine 1.86 1.93 1.91 1.83 0.07 0.41 0.81 0.23 
Isoleucine 5.49 5.73 5.48 5.49 0.19 0.35 0.32 0.33 
Leucine 8.20 4.48 8.08 8.17 0.28 0.44 0.28 0.39 
Lysine 3.70 4.06 3.71 3.77 0.08 <0.01 <0.01 <0.01 
  Lysine, % Indispensable AA 7.99 8.65 8.02 8.12 0.19 <0.01 <0.01 <0.01 
Methionine 1.21 1.20 1.18 1.18 0.02 0.72 0.53 0.44 
Phenylalanine 1.90 1.86 1.79 1.78 0.05 0.48 0.20 0.15 
Threonine 4.75 4.74 4.76 4.79 0.10 0.89 0.85 0.61 
Tryptophan 1.32 1.38 1.39 1.38 0.03 0.04 0.88 0.81 
Valine 14.69 15.11 14.98 14.87 0.30 0.21 0.71 0.48 
Dispensable, % TAA 
Alanine 12.14 11.37 11.43 11.64 0.19 <0.01 0.77 0.24 
Asparagine 2.08 2.10 2.06 2.12 0.04 0.59 0.42 0.64 
Aspartic acid 0.26 0.25 0.25 0.25 0.01 0.51 0.56 0.77 
Cysteine 0.98 0.94 0.88 0.86 0.06 0.64 0.50 0.36 
Glutamine 10.91 10.82 10.92 11.11 0.37 0.77 0.76 0.37 
Glutamic acid 1.99 1.89 1.88 1.88 0.49 0.18 0.88 0.83 
Glycine 15.50 15.16 16.42 15.65 0.45 0.51 0.02 0.31 
Proline 3.62 3.64 3.67 3.77 0.06 0.77 0.64 0.07 
Serine 4.02 4.02 4.10 3.94 0.11 0.97 0.35 0.33 
Tyrosine 1.97 2.01 1.95 2.01 0.07 0.54 0.35 0.97 
1 Experiment 1, phase 1. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with A; and 3 = AJP compared with B. 
3 Total branched AA= Isoleucine, Leucine, and Valine. 
4 Total urea cycle AA= Arginine, Citrulline, and Ornithine. 
5 Total sulfur AA= Methionine, Taurine, and Cysteine. 
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Table 5.5. Least squares means and associated SEM for body weight (BW), body condition score 
(BCS), production parameters response of the basal lactation diet fed to negative control cows fed the 
basal TMR + 150g of ground corn (CON), positive control cows fed the basal TMR + 150g of a 
commercially-available Rumen protected lysine source (AJP), cows fed the basal TMR + 150g of a 
non-commercially-available Rumen protected lysine source (C), and 150g of a non-commercially-
available Rumen protected lysine source (D) throughout  phase 2 of  Experiment 1 
 Treatment1  
 
P-value 
Variable 
CON AJP C D SEM 
Contrasts2 
1 2 3 
DMI, kg/d 21.88 20.57 21.01 22.26 1.27 0.38 0.76 0.26 
BW, kg 745 712 750 736 35.92 0.20 0.13 0.34 
DMI, % of BW 3.00 2.88 2.83 3.10 0.22 0.49 0.77 0.21 
BCS  3.43 3.32 3.38 3.31 0.16 0.29 0.45 0.62 
Milk yield         
   Milk yield, kg/d 34.00 32.92 32.30 33.37 1.47 0.58 0.75 0.82 
   3.5% FCM, kg/d 37.47 36.51 35.42 36.68 1.68 0.59 0.54 0.92 
   ECM, kg/d 36.56 35.74 34.60 35.88 1.69 0.64 0.52 0.94 
Milk composition         
   Fat, % 4.15 4.23 4.08 4.14 0.14 0.62 0.34 0.58 
   Fat, kg/d 1.40 1.37 1.32 1.37 0.07 0.64 0.48 0.99 
   Protein, % 3.17 3.20 3.14 3.19 0.07 0.45 0.11 0.72 
   Protein, kg/d 1.07 1.06 1.02 1.06 0.06 0.85 0.51 0.98 
   Lactose, % 4.67 4.70 4.75 4.70 0.06 0.31 0.11 0.88 
   Lactose, kg/d 1.59 1.55 1.54 1.57 0.07 0.64 0.88 0.82 
   Casein, % 2.61 2.63 2.59 2.62 0.06 0.38 0.15 0.69 
   Casein, % protein 82.0 82.1 82.2 82.2 0.55 0.68 0.67 0.92 
   Casein, kg/d 0.88 0.90 0.84 0.88 0.04 0.66 0.23 0.58 
   MUN, mg/dL 15.51 16.03 15.62 15.84 0.57 0.38 0.48 0.74 
   SCC × 1,000 /mL 698 234 470 276 382 0.23 0.54 0.91 
3.5% FCM/DMI, kg/kg 1.73 1.82 1.68 1.63 0.08 0.41 0.25 0.12 
ECM/DMI, kg/kg 1.68 1.78 1.64 1.60 0.08 0.41 0.24 0.13 
Milk/DMI, kg/kg 1.56 1.64 1.54 1.49 0.07 0.42 0.31 0.12 
1 Experiment 1, phase 2. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with C; and 3 = AJP compared with 
D. 
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Table 5.6. Least squares means and associated SEM for plasma AA profile  response of the basal lactation diet fed 
to negative control cows fed the basal TMR + 150g of ground corn (CON), positive control cows fed the basal 
TMR + 150g of a commercially-available Rumen protected lysine source (AJP), cows fed the basal TMR + 150g 
of a non-commercially-available Rumen protected lysine source (C), and 150g of a non-commercially-available 
Rumen protected lysine source (D) throughout phase 2 of  Experiment 1 
 Treatment1  P-value 
Amino Acids  CON AJP C D SEM 
Contrasts2 
1 2 3 
Total AA (TAA), μM/L 1856 1973 1851 1836 70.98 0.19 0.18 0.13 
Total Indispensable AA, μM/L 912 938 901 892 36.05 0.58 0.43 0.33 
Total Dispensable AA, μM/L 943 1037 950 944 40.79 0.06 0.08 0.06 
Total branched-chain AA, μM/L 530 535 516 515 23.59 0.87 0.51 0.49 
Total urea cycle AA, μM/L  194 200 188 194 6.60 0.48 0.20 0.47 
Total sulfur AA, μM/L 70.43 72.57 66.49 65.08 3.09 0.54 0.09 0.04 
Indispensable, % TAA  
Arginine 3.49 3.22 3.57 3.52 0.13 0.09 0.03 0.07 
Histidine 2.11 1.96 2.16 2.15 0.08 0.10 0.04 0.05 
Isoleucine 5.61 5.17 5.71 5.72 0.27 0.08 0.04 0.03 
Leucine 7.69 7.00 7.96 7.81 0.39 0.06 0.01 0.02 
Lysine 4.15 4.38 4.48 4.29 0.07 0.03 0.34 0.37 
  Lysine, % Indispensable 
AA 
8.47 9.18 9.16 8.84 0.16 <0.01 
0.93 0.15 
Methionine 1.26 1.23 1.22 1.23 0.03 0.54 0.85 0.93 
Phenylalanine 2.29 2.10 2.29 2.16 0.06 0.03 0.04 0.48 
Threonine 4.75 4.79 4.84 4.63 0.11 0.64 0.71 0.13 
Tryptophan 1.92 1.84 1.89 1.85 0.09 0.33 0.55 0.92 
Valine 14.44 13.52 14.19 14.41 0.37 0.06 0.17 0.07 
Dispensable, % TAA 
Alanine 11.82 12.05 11.74 11.37 0.28 0.55 0.43 0.09 
Asparagine 2.11 1.08 2.05 2.11 0.07 0.64 0.63 0.58 
Aspartic acid 0.26 0.26 0.28 0.28 0.01 0.90 0.36 0.27 
Cysteine 0.96 0.95 0.93 0.97 0.05 0.69 0.63 0.63 
Glutamine 11.48 12.13 11.36 12.19 0.31 0.09 0.05 0.88 
Glutamic acid 1.78 1.81 1.85 1.80 0.09 0.81 0.70 0.94 
Glycine 12.49 13.68 13.22 12.92 0.46 0.04 0.42 0.19 
Proline 3.73 3.68 3.54 3.65 0.23 0.59 0.22 0.82 
Serine 3.92 3.95 3.90 3.85 0.11 0.76 0.56 0.26 
Tyrosine 2.31 2.16 2.23 2.17 0.04 <0.01 0.14 0.72 
1 Experiment 1, phase 1. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with C; and 3 = AJP compared with D. 
3 Total branched AA= Isoleucine, Leucine, and Valine. 
4 Total urea cycle AA= Arginine, Citrulline, and Ornithine. 
5 Total sulfur AA= Methionine, Taurine, and Cysteine. 
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Table 5.7.  Least squares means and associated SEM for body weight (BW), body condition score 
(BCS), production parameters response of the basal lactation diet fed to negative control cows fed the 
basal TMR + 150g of ground corn (CON), positive control cows fed the basal TMR + 150g of a 
commercially-available Rumen protected lysine source (AJP), cows fed the basal TMR + 150g of a 
non-commercially-available Rumen protected lysine source (E), and 150g of a non-commercially-
available Rumen protected lysine source (F) throughout  phase 3 of  Experiment 1 
 Treatment1  
 
P-value 
Variable 
CON AJP E F SEM 
Contrasts2 
1 2 3 
DMI, kg/d 25.85 25.17 23.30 24.51 1.04 0.59 0.15 0.60 
BW, kg 705 699 703 704 21.34 0.11 0.33 0.25 
DMI, % of BW 3.63 3.56 3.27 3.45 0.24 0.72 0.14 0.57 
BCS  3.32 3.34 3.37 3.34 0.12 0.67 0.51 0.96 
Milk yield         
   Milk yield, kg/d 39.41 40.18 39.82 38.90 1.31 0.51 0.76 0.27 
   3.5% FCM, kg/d 41.86 42.10 42.35 40.42 1.92 0.87 0.86 0.26 
   ECM, kg/d 41.61 42.00 42.05 40.25 1.80 0.78 0.97 0.22 
Milk composition         
   Fat, % 3.91 3.89 3.95 3.85 0.28 0.79 0.50 0.69 
   Fat, kg/d 1.53 1.52 1.54 1.45 0.11 0.93 0.70 0.29 
   Protein, % 3.33 3.35 3.32 3.32 0.09 0.44 0.19 0.28 
   Protein, kg/d 1.30 1.33 1.31 1.27 0.53 0.46 0.60 0.13 
   Lactose, % 4.89 4.85 4.88 4.89 0.05 0.23 0.45 0.16 
   Lactose, kg/d 1.93 1.95 1.94 1.89 0.58 0.65 0.85 0.36 
   Casein, % 2.76 2.75 2.74 2.73 0.07 0.94 0.80 0.54 
   Casein, % protein 82.9 82.2 82.9 82.3 0.49 0.22 0.19 0.83 
   Casein, kg/d 1.07 10.9 1.09 1.04 0.04 0.63 0.88 0.16 
   MUN, mg/dL 13.23 13.62 13.29 13.54 0.45 0.39 0.47 0.86 
   SCC × 1,000 /mL 46.90 46.98 52.94 32.75 14.51 0.60 0.94 0.48 
3.5% FCM/DMI, kg/kg 1.65 1.69 1.85 1.68 0.08 0.65 0.04 0.88 
ECM/DMI, kg/kg 1.64 1.68 1.84 1.67 0.08 0.63 0.05 0.87 
Milk/DMI, kg/kg 1.57 1.60 1.76 1.61 0.10 0.72 0.05 0.85 
1 Experiment 1, phase 3. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with E; and 3 = AJP compared with 
F. 
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Table 5.8. Least squares means and associated SEM for plasma AA profile  response of the basal lactation diet fed 
to negative control cows fed the basal TMR + 150g of ground corn (CON), positive control cows fed the basal 
TMR + 150g of a commercially-available Rumen protected lysine source (AJP), cows fed the basal TMR + 150g 
of a non-commercially-available Rumen protected lysine source (C), and 150g of a non-commercially-available 
Rumen protected lysine source (D) throughout phase 3 of  Experiment 1 
 Treatment1  P-value 
Amino Acids  CON AJP E F SEM 
Contrasts2 
1 2 3 
Total AA (TAA), μM/L 2221 2264 2235 2257 55.2 0.47 0.63 0.91 
Total Indispensable AA, μM/L 979 947 958 933 29.9 0.39 0.77 0.70 
Total Dispensable AA, μM/L 1242 1316 1278 1324 43.1 0.05 0.29 0.84 
Total branched-chain AA3, 
μM/L 
540 508 522 499 19.66 0.18 
0.54 0.69 
Total urea cycle AA4, μM/L  248 248 246 285 6.78 0.99 0.80 0.31 
Total sulfur AA5, μM/L 101 92.6 89.2 97.0 5.04 0.25 0.63 0.55 
Indispensable, % TAA  
Arginine 3.72 3.66 3.72 3.70 0.08 0.52 0.53 0.93 
Histidine 2.08 2.06 2.08 2.06 0.05 0.66 0.69 0.96 
Isoleucine 5.44 5.35 5.46 6.36 0.12 0.47 0.43 0.89 
Leucine 7.65 7.52 7.67 7.54 0.17 0.51 0.43 0.89 
Lysine 4.09 4.42 4.23 3.92 0.19 0.06 0.27 <0.01 
  Lysine, % Indispensable 
AA 
9.29 10.55 9.82 9.45 0.30 <0.01 
0.02 <0.01 
Methionine 1.27 1.29 1.20 1.31 0.04 0.58 0.07 0.78 
Phenylalanine 1.82 1.69 1.73 1.66 0.05 0.04 0.52 0.59 
Threonine 5.35 5.00 5.20 5.04 0.16 <0.01 0.10 0.71 
Tryptophan 1.69 1.58 1.68 1.60 0.05 0.08 0.12 0.71 
Valine 12.20 11.17 11.77 11.23 0.38 <0.01 0.08 0.85 
Dispensable, % TAA 
Alanine 11.78 12.35 12.42 12.23 0.27 0.10 0.82 0.72 
Asparagine 2.36 2.45 2.42 2.44 0.08 0.26 0.77 0.92 
Aspartic acid 0.26 0.29 0.29 0.31 0.01 0.12 0.93 0.40 
Cysteine 1.32 1.26 1.22 1.30 0.05 0.39 0.59 0.54 
Glutamine 10.21 10.55 10.81 11.22 0.32 0.43 0.55 0.13 
Glutamic acid 1.54 1.72 1.62 1.50 0.09 0.05 0.26 0.02 
Glycine 17.82 18.65 17.37 18.93 0.82 0.34 0.15 0.72 
Proline 3.92 4.00 3.91 3.99 0.07 0.31 0.27 0.82 
Serine 4.56 4.81 4.58 4.62 0.11 0.03 0.05 0.10 
Tyrosine 2.21 2.05 2.13 2.09 0.10 0.04 0.33 0.60 
1 Experiment 1, phase 1. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with E; and 3 = AJP compared with F. 
3 Total branched AA= Isoleucine, Leucine, and Valine. 
4 Total urea cycle AA= Arginine, Citrulline, and Ornithine. 
5 Total sulfur AA= Methionine, Taurine, and Cysteine. 
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Table 5.9. Least squares means and associated SEM for body weight (BW), body condition score 
(BCS), production parameters response of the basal lactation diet fed to negative control cows fed the 
basal TMR + 150g of ground corn (CON), positive control cows fed the basal TMR + 150g of a 
commercially-available Rumen protected lysine source (AJP), cows fed the basal TMR + 150g of a 
non-commercially-available Rumen protected lysine source (G), and 150g of a non-commercially-
available Rumen protected lysine source (H) throughout phase 4 of Experiment 1 
 Treatment1 
 
P-value 
Variable 
CON AJP G H SEM 
Contrasts2 
1 2 3 
DMI, kg/d 24.29 23.29 24.37 23.86 1.53 0.49 0.46 0.69 
BW, kg 719 732 728 726 21.94 0.06 0.53 0.33 
DMI, % of BW 3.49 3.28 3.46 3.40 0.32 0.26 0.31 0.49 
BCS  3.59 3.52 3.53 3.53 0.12 0.11 0.82 0.82 
Milk yield         
   Milk yield, kg/d 34.88 33.46 32.26 33.15 1.20 0.31 0.38 0.82 
   3.5% FCM, kg/d 40.32 39.46 37.77 38.26 1.81 0.52 0.21 0.36 
   ECM, kg/d 40.17 39.23 37.59 38.23 1.72 0.48 0.22 0.45 
Milk composition         
   Fat, % 4.53 4.69 4.68 4.54 0.28 0.28 0.92 0.32 
   Fat, kg/d 1.55 1.54 1.46 1.47 0.10 0.77 0.18 0.22 
   Protein, % 3.67 3.69 3.70 3.73 0.13 0.66 0.91 0.54 
   Protein, kg/d 1.26 1.22 1.18 1.22 0.05 0.44 0.36 0.85 
   Lactose, % 4.71 4.69 4.65 4.66 0.06 0.71 0.31 0.50 
   Lactose, kg/d 1.64 1.57 1.50 1.55 0.06 0.32 0.32 0.77 
   Casein, % 3.05 3.06 3.06 3.08 0.11 0.84 0.87 0.60 
   Casein, % protein 83.1 82.7 82.8 82.1 0.45 0.18 0.67 0.92 
   Casein, kg/d 1.04 1.01 0.99 1.01 0.05 0.40 0.41 0.89 
   MUN, mg/dL 14.11 14.03 14.51 14.81 0.57 0.62 0.56 0.34 
   SCC × 1,000 /mL 140 170 197 245 158 0.58 0.60 0.18 
3.5% FCM/DMI, 
kg/kg 
1.64 1.67 1.49 
1.58 
0.12 0.71 0.04 0.28 
ECM/DMI, kg/kg 1.70 1.73 1.55 1.65 0.11 0.74 0.05 0.36 
Milk/DMI, kg/kg 1.41 1.43 1.27 1.38 0.12 0.83 0.08 0.50 
1 Experiment 1, phase 4. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with G; and 3 = AJP compared with 
H. 
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Table 5.10. Least squares means and associated SEM for plasma AA profile  response of the basal lactation diet 
fed to negative control cows fed the basal TMR + 150g of ground corn (CON), positive control cows fed the basal 
TMR + 150g of a commercially-available Rumen protected lysine source (AJP), cows fed the basal TMR + 150g 
of a non-commercially-available Rumen protected lysine source (C), and 150g of a non-commercially-available 
Rumen protected lysine source (D) throughout phase 4 of  Experiment 1 
 Treatment1  P-value 
Amino Acids  CON AJP G H SEM 
Contrasts2 
1 2 3 
Total AA (TAA), μM/L 2209 2176 2233 2248 58.4 0.65 0.44 0.33 
Total Indispensable AA, μM/L 895 901 946 935 31.23 0.90 0.32 0.44 
Total Dispensable AA, μM/L 1314 1275 1287 1312 37.65 0.20 0.70 0.22 
Total branched-chain AA3, μM/L 490 493 528 509 18.80 0.92 0.19 0.54 
Total urea cycle AA4, μM/L  210 212 206 216 10.27 0.92 0.72 0.75 
Total sulfur AA5, μM/L 100 60.6 93.0 97.7 4.04 0.06 0.64 0.19 
Indispensable, % TAA  
Arginine 3.50 3.58 3.47 3.45 0.08 0.49 0.32 0.24 
Histidine 2.14 2.17 2.11 2.12 0.05 0.68 0.40 0.42 
Isoleucine 4.87 4.95 4.83 4.78 0.12 0.61 0.48 0.27 
Leucine 6.83 6.94 6.75 6.71 0.16 0.62 0.40 0.30 
Lysine 3.75 4.22 4.07 4.03 0.15 0.01 0.37 0.25 
  Lysine, % Indispensable AA 9.20 10.13 9.58 9.67 0.26 <0.01 0.08 0.13 
Methionine 1.21 1.22 1.29 1.30 0.04 0.83 0.15 0.14 
Phenylalanine 1.66 1.62 1.78 1.73 0.06 0.46 0.01 0.07 
Threonine 4.79 4.74 4.70 4.90 0.17 0.77 0.82 0.35 
Tryptophan 1.40 1.44 1.38 1.39 0.05 0.34 0.15 0.26 
Valine 10.95 11.26 11.50 11.07 0.23 0.31 0.43 0.53 
Dispensable, % TAA 
Alanine 12.19 12.52 12.15 11.90 0.30 0.44 0.38 0.15 
Asparagine 2.21 2.18 2.22 2.25 0.05 0.65 0.58 0.36 
Aspartic acid 0.33 0.29 0.33 0.33 0.01 0.03 0.05 0.03 
Cysteine 1.26 1.20 1.10 1.20 0.07 0.53 0.32 0.99 
Glutamine 12.14 12.00 11.94 12.01 0.37 0.79 0.92 0.98 
Glutamic acid 2.29 2.19 2.57 2.21 0.16 0.56 0.03 0.89 
Glycine 17.92 17.14 16.39 17.18 0.70 0.28 0.29 0.95 
Proline 4.22 4.26 4.04 4.33 0.09 0.71 0.09 0.59 
Serine 4.71 4.64 4.60 4.82 0.18 0.68 0.84 0.32 
Tyrosine 2.09 2.07 2.22 2.20 0.07 0.80 0.13 0.17 
1 Experiment 1, phase 1. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with G; and 3 = AJP compared with H. 
3 Total branched AA= Isoleucine, Leucine, and Valine. 
4 Total urea cycle AA= Arginine, Citrulline, and Ornithine. 
5 Total sulfur AA= Methionine, Taurine, and Cysteine. 
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Table 5.11. Least squares means and associated SEM for body weight (BW), body condition score 
(BCS), production parameters response of the basal lactation diet fed to negative control cows fed the 
basal TMR + 150g of molasses (CON), positive control cows fed the basal TMR + commercially-
available rumen-protected lysine source (AJP), and cows fed the basal TMR + a rumen-protected 
lysine prototype source (NPL) throughout Experiment 2  
 Treatment1  P-value 
Variable 
CON AJP NPL SEM 
Contrasts2 
1 2 
DMI, kg/d 22.99 22.18 22.49 0.75 0.36 0.59 
BW, kg 707 704 703 3.46 0.13 0.73 
DMI, % of BW 3.26 3.16 3.22 0.10 0.55 0.44 
BCS  3.15 3.19 3.18 0.49 0.46 0.85 
Milk yield       
   Milk yield, kg/d 36.55 34.55 35.98 0.93 0.36 0.03 
   3.5% FCM, kg/d 37.17 35.64 36.63 1.56 0.29 0.06 
   ECM, kg/d 36.70 35.03 36.16 1.53 0.29 0.04 
Milk composition       
   Fat, % 3.71 3.76 3.70 0.12 0.90 0.43 
   Fat, kg/d 1.32 1.28 1.30 0.05 0.42 0.31 
   Protein, % 3.12 3.09 3.12 0.06 0.71 0.15 
   Protein, kg/d 1.12 1.05 1.11 0.05 0.44 0.02 
   Lactose, % 4.65 4.67 4.65 0.04 0.69 0.15 
   Lactose, kg/d 1.68 1.60 1.66 0.08 0.51 0.03 
   Casein, % 2.55 2.53 2.55 0.59 0.91 0.22 
   Casein, % protein 81.8 81.8 81.7 0.40 0.31 0.64 
   Casein, kg/d 0.92 0.86 0.91 0.03 0.50 0.01 
   MUN, mg/dL 14.26 14.98 14.78 0.42 0.10 0.51 
   SCC × 1,000 /mL 428 460 371 169 0.47 0.27 
3.5% FCM/DMI, kg/kg 1.63 1.63 1.63 0.06 0.93 0.94 
ECM/DMI, kg/kg 1.61 1.60 1.61 0.06 0.91 0.82 
Milk/DMI, kg/kg 1.59 1.58 1.59 0.05 0.94 0.78 
1 Experiment 2. 
2 Contrasts were 1 = CON compared with NPL and 2 = AJP compared with NPL. 
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Table 5.12. Least squares means and associated SEM for plasma AA profile  response of the basal lactation diet 
fed to negative control cows fed the basal TMR + 150g of molasses (CON), positive control cows fed the basal 
TMR + commercially-available rumen-protected lysine source (AJP), and cows fed the basal TMR + a rumen-
protected lysine prototype source (NPL) throughout Experiment 2 
 Treatment1 P-value 
Amino Acids CON AJP NPL SEM 
Contrasts2 
1 2 
Total AA (TAA), μM/L 2014 1920 1950 50.10 0.20 0.55 
Total Indispensable AA, μM/L 938 910 905 31.61 0.23 0.86 
Total Dispensable AA, μM/L 1077 1010 1045 23.94 0.25 0.20 
Total branched-chain AA3, μM/L 508 498 489 20.75 0.23 0.57 
Total urea cycle AA4, μM/L  203 200 199 4.55 0.50 0.86 
Total sulfur AA5, μM/L 88.87 84.11 87.32 2.29 0.46 0.16 
Indispensable, % TAA     
Arginine 3.48 3.66 3.61 0.10 0.21 0.61 
Histidine 2.06 2.18 2.13 0.06 0.31 0.42 
Isoleucine 5.22 5.50 5.40 0.14 0.22 0.52 
Leucine 6.46 6.82 6.69 0.18 0.22 0.51 
Lysine 4.02 4.43 4.30 0.09 <0.01 0.08 
  Lysine, % Indispensable AA 8.67 9.42 9.30 0.14 <0.01 0.42 
Methionine 1.50 1.46 1.47 0.08 0.20 0.89 
Phenylalanine 2.08 2.11 2.03 0.05 0.27 0.12 
Threonine 5.70 5.44 5.67 0.13 0.88 0.12 
Tryptophan 1.79 1.77 1.74 0.03 0.12 0.28 
Valine 11.97 12.29 11.94 0.31 0.88 0.15 
Dispensable, % TAA     
Alanine 12.30 12.24 12.32 0.26 0.91 0.72 
Asparagine 2.37 2.33 2.33 0.03 0.35 0.93 
Aspartic acid 0.32 0.33 0.32 0.01 0.79 0.49 
Cysteine 0.64 0.66 0.63 0.02 0.64 0.13 
Glutamine 12.72 12.24 12.56 0.33 0.56 0.24 
Glutamic acid 2.85 3.10 3.01 0.12 0.32 0.55 
Glycine 12.56 12.17 12.43 0.31 0.64 0.33 
Proline 3.60 3.45 3.62 0.06 0.80 0.04 
Serine 3.68 3.66 3.73 0.06 0.38 0.19 
Tyrosine 2.53 2.49 2.48 0.07 0.45 0.92 
1 Experiment 1, phase 1. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with A; and 3 = AJP compared with B. 
3 Total branched AA= Isoleucine, Leucine, and Valine. 
4 Total urea cycle AA= Arginine, Citrulline, and Ornithine. 
5 Total sulfur AA= Methionine, Taurine, and Cysteine. 
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Table 5.13. Least squares means and associated SEM of nitrogen excretion and apparent digestibility 
for negative control cows fed the basal TMR + 150g of molasses (CON), positive control cows fed the 
basal TMR + commercially-available rumen-protected lysine source (AJP), and cows fed the basal 
TMR + a rumen-protected lysine prototype source (NPL)  throughout Experiment 2 
 
Treatment 
SEM 
P-value 
 Contrasts1 
Variable CON AJP NPL 1 2 
N intake, g/d 654 625 661 22.67 0.67 0.02 
Milk protein N2, g/d 176 165 175 6.86 0.79 0.02 
Milk protein N, % of N intake 27.33 26.60 26.71 0.93 0.49 0.89 
Urinary excretion       
   Urine volume3, L/d 16.24 15.00 16.19 1.00 0.97 0.40 
   Total N, g/d 127 125 126 8.74 0.91 0.96 
   Total N, % of N intake 19.88 20.51 19.68 1.45 0.92 0.62 
   Urea N, g/d 109 108 116 4.48 0.16 0.13 
   Urea N, % of total urinary N 76.46 82.47 78.40 2.40 0.57 0.24 
   Allantoin, mmol/d 461 369 387 44.75 0.13 0.70 
   Uric acid, mmol/d  27.36 25.81 26.30 2.28 0.72 0.87 
   Total PD, mmol/d  489 395 413 45.79 0.14 0.70 
PUN, mg/dL 15.01 15.61 15.98 0.51 0.02 0.34 
Fecal N excretion       
   N, g/d 216 221 222 3.33 0.18 0.95 
   N, % of intake 34.14 35.74 34.51 1.43 0.74 0.24 
Nutrient intakes, kg/d       
   DM 24.34 23.33 24.57 0.91 0.68 0.03 
   OM 22.29 21.39 22.52 0.48 0.66 0.03 
   CP 4.09 3.91 4.13 0.14 0.67 0.02 
   ADF 4.82 4.67 4.89 0.17 0.53 0.06 
   NDF 7.49 7.25 7.58 0.30 0.61 0.06 
Apparent digestibility, %       
   DM 62.90 63.47 62.19 0.72 0.38 0.10 
   OM 59.38 58.90 58.56 0.71 0.42 0.73 
   CP 58.65 57.39 57.28 1.06 0.35 0.94 
   ADF 28.07 26.58 32.14 1.57 0.07 0.02 
   NDF 37.59 37.73 36.66 0.88 0.46 0.39 
1 Contrasts were 1 = CON compared with NPL; 2 = AJP compared with NPL. 
2 Milk true protein N (milk true protein ÷ 6.38). 
3 Estimated from creatinine concentrations in spot urine samples assuming a creatinine excretion of 29 
mg/kg BW (Valadares et al., 1999). 
127 
 
Table 5.14. Least squares means and associated SEM for blood parameters of the basal lactation diet fed 
to negative control cows fed the basal TMR + 150g of molasses (CON), positive control cows fed the 
basal TMR + commercially-available rumen-protected lysine source (AJP), and cows fed the basal TMR 
+ a rumen-protected lysine prototype source (NPL) throughout Experiment 2 
 Treatment 
SEM 
P-value 
Parameter2 CON AJP NPL 
Contrasts1 
1 2 
Protein and energy markers, g/dL 
Albumin (A), g/dL 3.56 3.49 3.50 0.02 0.08 0.71 
Globulin (G), g/dL 3.80 3.80 3.70 0.10 0.35 0.36 
A:G 0.95 0.93 0.98 0.03 0.38 0.19 
Creatinine, mg/dL 0.78 0.73 0.76 0.02 0.38 0.08 
Glucose, mg/dL 68.96 67.97 66.46 0.82 0.02 0.15 
Total protein, g/dL 7.37 7.29 7.20 0.10 0.16 0.45 
Triglyceride, mg/dL 9.00 8.87 8.77 0.39 0.62 0.83 
Enzymes and hepatic markers 
ALP, U/L 44.84 45.39 41.49 1.77 0.15 0.09 
AST, U/L 66.33 63.89 64.67 2.51 0.31 0.65 
CPK, U/L 162.14 136.52 132.97 8.71 <0.01 0.72 
GGT, U/L 24.67 24.33 24.72 1.00 0.91 0.47 
GLDH, U/L 33.45 30.19 30.90 3.02 0.16 0.70 
Total bilirubin, mg/dL 0.14 0.15 0.17 0.01 0.03 0.18 
Total cholesterol, mg/dL 223.91 223.17 229.87 6.61 0.29 0.24 
Mineral 
Calcium, mg/dL 9.66 9.39 9.46 0.11 0.11 0.61 
Chloride, mmol/L 104.15 103.69 103.51 0.58 0.43 0.83 
Magnesium, mg/dL 2.43 2.33 2.38 0.03 0.27 0.27 
Sodium (Na), mmol/L 145.88 143.74 144.27 0.87 0.15 0.64 
Potassium (K), mmol/L 4.33 4.44 4.34 0.07 0.95 0.21 
Na:K 33.72 32.55 33.48 0.53 0.65 0.15 
Phosphorus, mg/dL 5.87 5.70 5.93 0.13 0.74 0.22 
Anion gap 22.04 21.34 21.68 0.45 0.44 0.48 
Bicarbonate, mmol/L 23.99 23.13 23.54 0.35 0.32 0.36 
1 Contrasts were = CON compared with NPL and 2 = AJP compared with NPL. 
2 ALP = alkaline phosphatase; AST = aspartate aminotransferase; CPK = creatinine kinase; GGT = 
gamma glutamyl transferase; GLDH = glutamate dehydrogenase.  
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CHAPTER VI. THE EFFECT OF GENETIC MILK CASEIN POLYMORPHISM 
AND DIET COMPOSITION ON HOLSTEIN MILK COMPOSITION 
INTRODUCTION 
Dairy products vastly contribute to human diets due to their nutritional value. Bovine milk 
is composed by water and solids: fat, lactose, proteins, and ash (O’mahony and Fox, 2013). 
Proteins present in bovine milk can be classified into two major groups: whey proteins that account 
for about 20%; and casein (CN) that account for about 80% of the total proteins (Shah, 200). Whey 
protein consist of immunoglobulins, β-LG, α-LG, serum albumin, secretory components, and 
lactoferrin (Farrel et al., 2004; Kamiński et al., 2007). Caseins consists of 𝛼𝑆1-CN (38%),  𝛼𝑆2-CN 
(10%), 𝛽-CN (34%), and 𝜅-CN [15%, (Walstra, 1990, Farrell, et al. 2004). Dairy milk protein 
profile can be influenced by many factors such as breed, lactation stage, mastitis, and diet 
composition (Tacoma et al., 2016). The way these variants affect milk protein composition is off 
special interest due to their impact on dairy products processability and functionality (Walstra et 
al., 2006).  
For instance, the greater the CN content in milk, the greater cheese it yields (Wedholm et 
al., 2006). Casein micelle and milk processability, especially the cheese making process, are 
influenced by κ-CN (Holland, 2008; Glantz et al., 2010; Bijl et al., 2013). Furthermore, milk 
composition differences can be found among breed and individual cows within a breed due to their 
genetic variation (Poulsen et al., 2012). Gustavsson et al. (2014) researched CN genotypes 
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differences, milk production traits, and milk protein yield among Swedish Red, Danish Holstein, 
and Danish Jersey cattle. The genotype frequencies for the last ones was different from the other 
2 breeds aforementioned; which in turn had genotype frequencies similarities. Danish Holstein 
cows had the highest relative 𝛽-CN and lowest 𝜅-CN concentrations among the 3 breeds and 
Swedish Red had greater 𝜅 -CN concentrations than Danish Jersey cows. Additionally, milk 
proteome can be influenced by changes in extracellular protein (Tacoma et al., 2017).  
Beta CN are of special interest because a peptide sequence [β-casomorphin-7 (BCM7)] has 
been linked to greater risk of non-communicable diseases (EFSA, 2009). Genes encoding bovine 
CN are in chromosome 6 (Rijnkels 2002). Twelve β-CN genetic variants have been identified: A1, 
A2, A3, B, C, D, E, F, G, H, I and J (Martin et al., 2013).  The most common alleles in dairy cattle 
are A1 and A2, being the former one a genetic variation of A2 that happened thousands of years 
ago and affected European cattle origins (Bradley et al., 1998). The variant A2 is mostly 
predominant in Bos indicus and Jersey cattle (Ginger and Grigor, 1999; Kamiński et al., 2007) and 
A1 and A2 variants apparently occurs at the same allele frequencies in Holstein cows (Ginger and 
Grigor, 1999). The only difference between these two is that A1 has substituted Pro at position 67 
for His (EFSA, 2009). Cow milk proteolysis such as gastrointestinal digestion or food processing 
(i.e.; digestion or maturation during cheese processing) leads to the release of bioactive proteins 
and peptides (Kamiński et al., 2007; EFSA, 2009). These bioactive proteins and peptides have 
antioxidative, immunomodulatory, antimicrobial, antihypertensive, and opioid properties among 
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others. Hence, dairy milk consumption can lead to the release and posterior absorption of the 
aforementioned bioactive opioid peptide BCM7 linked to greater risk of heart disease, type 1 
diabetes mellitus, sudden infant death syndrome, and some neurological disorders as schizophrenia 
and autism (Bell., et al;, 2006; Kamiński et al., 2007; EFSA, 2009).  
Osorio et al. (2016) proposed that milk protein synthesis is regulated primarily by 
posttranscriptional factors where AA, insulin, and TOR play a significant role on it. Hence, diet 
manipulation, particularly protein, could be a promising strategy to enhance milk and milk 
products quality. Research has been done to explore the effects of feeding different rumen-
degradable protein (RDP) to rumen-undegradable protein (RUP) ratios on milk proteome. 
Christian et al. (1999) found that cows fed a high RUP source had greater 𝛾-CN, 𝛼𝑆1-CN, and 𝛼𝑆2-
CN concentrations and that cows fed a high RDP source had greater 𝜅 -CN and 𝛽 -CN 
concentrations. Furthermore, cows fed a high RUP source had lower 𝛽 -CN (Li et al., 2015; 
Tacoma et al., 2017). Therefore, the objective of this research was to test the correlation between 
Holstein cow’s genetic milk protein variants and diet (RDP) composition on Holstein feed intake 
and milk yield. We hypothesized that milk and milk proteins yields differences among Holstein 
cows are due to the differences on RDP:RUP proportions and not to cows’ genetic milk protein 
variant. 
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MATERIALS AND METHODS 
Animal care and Housing 
All experimental procedures were approved by the University of Illinois (Urbana-
Champaign) Institutional Animal Care and Use Committee and conducted at The Dairy Cattle 
Research Unit and Teaching Center. Cows (n = 169) were housed in tie stalls with sand bedding 
and ad libitum feed and water access. Cows were fed ad libitum for a 5 % minimum refusal and 
had constant access to water. Diets (TMR) for 3 of the 13 experiments were formulated according 
to NRC (2001). For the remaining 10 experiments, TMR were formulated using AMTS.Cattle.Pro 
version 4.7 (2017, AMTS, LLC, Groton, NY). Body weight on the first day of all the experiments 
was 702 ± 70 kg and cows were 138 ± 67 DIM. 
Data Construction and Data Collection  
 A database was developed from 13 experiments (Table 6.1) completed at the University of 
Illinois (Urbana-Champaign) from 2016 to 2018. Individual cow experimental data was obtained 
from Microsoft Excel (Microsoft Corp., Redmond, WA) files from each experiment. A total of 169 
cows (144 multiparous and 25 primiparous) was included in the analyses. 
Cow’s genetic milk protein variant evaluation (i.e.; α-CN, β-CN, and κ-CN) was performed 
by Zoetis (Kalamazoo, MI). Treatments for α-CN were: cows A_A (A_A), cows B_B (B_B), and 
cows A_B (A_B). Treatments for β-CN were: cows A1_A1 (A1_A1), cows A2_A2 (A2_A2), and 
cows A1_A2 (A1_A2). Treatments for κ-CN were: cows A_A (A_A), cows B_B (B_B), and cows 
A_B (A_B). Treatments for β-LG were: cows A_A (A_A), cows B_B (B_B), and cows A_B (A_B). 
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Parity was classified as cows starting first lactation in one group (LAG1), cows starting second or 
third lactation in a second group (LAG2), and cows in the fourth-or-greater lactation in a fourth 
group (LAG3). Diets were dichotomized as high RDP (HRDP, RDP ≥ 39.53) or low RDP (LRDP, 
RDP < 39.53) according to the RPD as a % CP median among experiments.      
For each experiment, samples of TMR were obtained weekly and analyzed for DM (AOAC, 
1995a) by drying for 24 h in a forced-air oven at 110℃. Diet composition was adjusted weekly 
for changes in DM content of ingredients.  The TMR offered and refused from each cow was 
recorded to determine intake based on weekly DM analyses. Weekly TMR samples of each 
experiment were stored at –20℃. Total mixed ration was composited (equal wt. based) by 
treatment and experiment and analyzed for contents of DM, protein, RDP, RUP, intestinal digested 
protein, total tract digested protein, and total tract undigested protein using the procedure of Ross 
et all. (2013; Cumberland Valley Analytical Services, Hagerstown, MD; Table 6.2 and 6.3).  
Cows were milked 3 times daily in 12 of the experiments and 2 times daily in one of 
them at 0430, 12300, and 1930 h in 7 of the experiments, and at 0630, 1430, and 2130 h in 6 of 
the experiments. Milk weights were recorded at every milking and samples were obtained at 
least in two different time points in each milking at the end of each period in each experiment. 
Milk were stored at –20℃ until further analysis.  A preservative (800 Broad Spectrum Microtabs 
II; D&F Control Systems, Inc., San Ramon, CA) was added to each sample and the samples 
stored in a refrigerator at 8°C for 3 d after which they were composited in proportion to milk 
yield and sent to a commercial laboratory. For 10 of the 13 experiments, composited milk 
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samples were sent to Dairy One (Ithaca, NY) to be analyzed for contents of fat, true protein, CN, 
MUN, lactose, total solids, and for somatic cell count (SCC) using mid-infrared procedures 
(AOAC, 1995b). For the remaining 3 experiments, composited milk samples were sent to Dairy 
Lab Services (Dubuque, IA) to be analyzed for contents of fat, true protein, MUN, lactose, TS, 
and SCC using mid-infrared procedures (AOAC International, 1995b).  
Blood was sampled from the coccygeal vein or artery at least one time at the end of each 
period in 11 of the 13 experiment (BD Vacutainer; BD and Co., Franklin Lakes, NJ). Serum and 
plasma samples were obtained by centrifugation of the tubes at 2,500 × g for 15 min at 4°C and 
stored at −80℃ for further analysis. If a cow had more than one sample per period per 
experiment, plasma samples were pooled by cow and by treatment for each experiment and sent 
to the University of Illinois Veterinary Diagnostic Laboratory for plasma urea-N (PUN) analysis 
(AU680 Beckman Coulter Chemistry Analyzer; Beckman Coulter Inc., Atlanta, GA; 
http://vetmed.illinois.edu/vet-resources/veterinary-diagnostic-laboratory/clinical-pathology/).  
Statistical Analyses 
A final data set including all the variables collected during the last week of each period of each 
experiment was constructed and analyzed using SAS (version 9.4; SAS Institute Inc., Cary, NC). 
Data was analyzed by the following model:  
yijkl =  μ +  𝑇i + A(i)j + D(ij)k + L(ij)l + 𝜖(ijkl)m 
where 𝑦𝑖𝑗𝑘𝑙 is the observation for dependent variables; 𝜇 is the general mean. 𝑇𝑖 is the fixed effect 
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of the ith treatment; 𝐴(𝑖)𝑗 is the random effect of the j
th experiment; 𝐷(𝑖𝑗)𝑘 is the fixed effect of the 
RDP proportion in the diet of the jth experiment; 𝐿(𝑖𝑗)𝑙 is the fixed effect of the l
th lactation, and 
e(ijkl)m is the random error.  
Two contrasts were used to compare cows’ polymorphism. One contrast was used to compare 
homozygote cows (i.e.; A1_A1 vs. A2_A2) and another contrast to compare the average of 
homozygote to heterozygote cows (i.e.; average A1_A1 and A2_A2 vs. A1_A2). Extreme outliers 
(response variable observations that have either positive or negative extreme residual values) were 
excluded. Degrees of freedom method was Kenward-Rogers (Littell et al., 1998). Residuals 
distribution was evaluated for normality and homoscedasticity. 
 
RESULTS 
Diet Composition  
The ingredient and chemical compositions of the diets were described elsewhere (Pate et al., 
2018a; Pate et al., 2018b; Weatherly et al., 2018; Rivelli et al., 2018a; Rivelli et al., 2018b; Wente 
et al., 2018;  Knollinger et al., 2019; Pate et al., 2018; Rivelli et al., 2019; Wente et al., 2019).  
Ruminal and intestinal digestibility assays of protein for experiments with more than one diet are 
in Table 6.2 and for experiments with a single diet fed throughout the study are in Table 6.3.  
DMI, BW, BCS, and Lactation Performance 
Overall, cows fed LRDP had greater milk yield compared to cows fed HRDP (P = 0.03). 
Furthermore, cows fed LRDP had greater milk protein and CN yield compared to cows fed HRDP 
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(P < 0.01).  Furthermore, cows fed LRDP had greater DMI compared to cows fed HRDP (P < 
0.01).  Performance data for β-CN are in Table 6.4. Dry matter intake was greater for the average 
of cows A1_A1 and A2_A2 compared to cows A1_A2 (P = 0.01, CONT2). Body weight was 
greater for the average of cows A1_A1 and A2_A2 compared to cows A1_A2 (P = 0.05, CONT2). 
Milk yield was greater for cows A1_A1 compared to cows A2_A2 (P = 0.03; CONT1) and greater 
for the average of cows A1_A1 and A2_A2 compared to cows A1_A2 (P = 0.01; CONT2). Milk 
protein yield tended to be greater for the average of cows A1_A1 and A2_A2 compared to cows 
A1_A2 (P = 0.09; CONT2). There were no differences for milk casein yield among treatments (P > 
0.10, CONT1 and CONT2; Figure 6.1). Casein as a percentage of protein was lower for the average 
of cows A1_A1 and A2_A2 compared to cows A1_A2 (P = 0.02; CONT2; Figure 6.2). Milk 
lactose yield was greater for cows A1_A1 compared to cows A2_A2 (P = 0.05; CONT1). There 
were no differences for PUN or MUN among treatments (P > 0.10, CONT1 and CONT2). 
Performance data for α-CN are in Table 6.5. There were no differences for DMI among 
treatments (P > 0.1, CONT3 and CONT4). Dry matter intake as a percentage of BW tended to be 
greater for cows A_A compared to cows B_B (P = 0.06, CONT3). Milk yield tended to be lower 
for cows A_A compared to cows B_B (P = 0.09; CONT3). Milk fat concentration tended to be 
lower for the average of cows A_A and B_B compared to cows A_B (P = 0.06; CONT4).  There 
were no differences for milk protein or casein yield (Figure 6.3) among treatments (P > 0.10, 
CONT3 and CONT4). Casein as a percentage of protein was lower for cows A_A compared to 
cows B_B (P = 0.02; CONT3, Figure 6.4). There were no differences for PUN or MUN among 
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treatments (P > 0.10, CONT3 and CONT4). 
Performance data for κ-CN are in Table 6.6. Dry matter intake tended to be lower for cows 
A_A compared to cows B_B (P = 0.07, CONT5) and greater for the average of cows A_A and 
B_B compared to cows A_B (P = 0.06; CONT6). Dry matter intake as a percentage of BW tended 
to be greater for cows A_A compared to cows B_B (P = 0.07, CONT5). Dry matter intake as a 
percentage of BW was greater for the average of cows A_A and B_B compared to cows A_B (P = 
0.02; CONT6). There were no differences for milk yield among treatments (P > 0.10; CONT5 and 
CONT6). There were no differences for milk protein or casein (Figure 6.5) yield among treatments 
(P > 0.10; CONT5 and CONT6) Casein as a percentage of protein was lower for the average of 
cows A_A and B_B compared to cows A_B (P = 0.05, CONT6; Figure 6.6). Milk urea nitrogen 
was lower for cows A_A compared to cows B_B (P = 0.04, CONT5). There were no differences 
for PUN among treatments (P > 0.10, CONT5 and CONT6). 
          
DISCUSSION 
The aim of this study was to determine the correlation between Holstein cow’s genetic milk 
protein variants and diet (RDP) composition on Holstein feed intake and milk yield. We 
hypothesized that milk and milk proteins yields differences among Holstein cows are due to the 
differences on RDP:RUP proportions and not to cows’ genetic milk protein variant. In concordance 
with the literature (Wright et al. 1998, NRC 2001) cows fed lower RDP and greater RUP 
proportions had greater milk, milk protein, CN, and lactose yields. Milk protein yield and milk 
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protein composition are of important interest for the dairy industry. Although milk and milk protein 
yields are related to greater cheese yields, CN properties and contents play a crucial role on cheese 
structure and stability (Bijl et al., 2013). For instance, cows fed lower RDP proportions had greater 
𝛼𝑆1-CN and lower 𝛽-CN concentrations (Christian et al., 1999; Li et al., 2015; Tacoma et al., 2017); 
and when fed greater RDP they had greater 𝜅-CN and 𝛽-CN concentrations (Christian et al., 1999). 
No individual CN contents were measured for this study but overall milk CN content and total 
milk CN yield were greater for cows fed lower RDP proportions and there were no differences for 
CN as a percentage of protein between cows fed lower or greater RDP proportions.  
Although there were no differences in milk CN content or milk CN yield, there were 
differences in CN as a percentage of protein among some CN genetic variants. Beta-CN and κ-CN 
heterozygotes cows had greater CN as a percentage of protein compared to the average of the 
homozygotes variants. Homozygotes B_B α-CN cows had greater CN as a percentage of protein 
compared to homozygotes A_A cows. Although producing milk with greater CN contents is of 
special importance, selection for milk with improved manufacturing properties is not a common 
practice with the exception of some countries such as Italy and the Netherlands (Rutten et al., 2011; 
Chessa et al, 2014). Cheese production has increased in a 75% in the last 5 decades (FAOSTAT, 
2016). In many countries, a vast percentage of the milk produced is used for cheese manufacturing 
rather than fluid consumption. Hence, there is an importance of producing a high cheese-yielding 
milk with desirable manufacturing properties for the cheese industry. Casein contents in milk and 
its retention time during cheese making highly impact cheese yields because during cheese 
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manufacturing, a 5% CN loss is expected (De Marchi et al., 2008, Emmons and Modler, 2010).  
Milk protein composition and cheese yields are highly influenced by κ-CN, α-CN, β-CN, 
and β-LG (Van Eenennaam, and Medrano, 1991; Heck et al., 2009). Milk from A2_A2 β-CN 
combined with A_A κ-CN variants were not desirable for cheese manufacturing due to their lower 
milk CN content, particularly κ-CN, and mineral content (Jensen et al., 2012a,b). Milk from B_B 
homozygotes κ-CN cows yielded cheese with greater protein quantity and quality due to a shorter 
renneting time compared to milk from A_B heterozygotes and A_A homozygotes κ-CN (Ng-
Kwai-Hang et al., 1984; Martin et al., 2002). Although B_B homozygotes κ-CN cows tended to 
have greater DMI, there were no milk or milk protein yields differences between homozygotes κ-
CN or among homozygotes and heterozygotes κ-CN variants. A 9% increment in cheese yields 
was observed when using milk from B_B homozygotes β-LG and A1_A1 homozygotes β-CN 
cows (Graham et al., 1984). In this study, B_B homozygotes β-LG cows had lower protein milk 
composition and protein milk yield compared to A_A homozygotes β- LG cows and a numerical 
greater milk yield. Milk yields was 1.45 kg greater for A1_A1 homozygotes compared to A2_A 2 
homozygotes β-CN cows and the average of the cows with two homozygotes alleles (i.e.; A1_A1 
and A2_A2) was 1.10 kg greater compared to A1_A2 heterozygote cows. Homozygote cows 
tended to have greater milk protein yield compared to heterozygotes cows. Furthermore, 
homozygote cows had greater DMI compared to heterozygotes cows. Schopen et al. (2009) 
proposed that cow’s milk protein composition, especially milk CN proportions, can be modified 
by selective breeding. Selecting herds for desired milk protein alleles such as B_B homozygotes 
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κ-CN, β-LG, and A1_A1 β-CN cows could beneficially impact the dairy industry by enhancing 
milk yields that yields greater quality and quantity cheese.     
Milk is one of the most important source of nutrients worldwide and milk protein 
polymorphisms negatively or positively affect human nutrition (i.e.; protein and lactose allergenic 
properties or the release of peptides with biological functions). In the last decades, A1_A1 β-CN 
gained interest due to human research that linked its β-casomorphin-7 to greater risk of non-
communicable diseases such as heart disease, type 1 diabetes mellitus, sudden infant death 
syndrome, and some neurological disorders as schizophrenia and autism (Bell., et al., 2006; 
Kamiński et al., 2007; EFSA, 2009). Conversely, milk from A2_A2 β-CN gained popularity 
because its lacks His in position 67, responsible of the β-casomorphin-7. In a study performed in 
vivo and ex vivo in rats, Bruno et al. (2017) found that A2_A2 β-CN contains β-casofensin, a 
peptide involved in intestinal health maintenance of intestinal health (Plaisancie et al., 2013, 2015). 
Beta-casofensin, cannot be released by the action of human enzymes in the intestinal tract, but it 
can be released during lactic-acid bacteria fermentation in some dairy products during processing 
(Plaisancie et al., 2013). Furthermore, it was observed that when rats drank an A1_A1 solution, 
they had lower jejunal permeability compared to rats only drinking water. However, in a further 
Letter to the Editor, Chessa et al. (2017) remarked that there are no differences between A1_A1 
and A2_A2 β-CN variants within the β-casofensin sequence. Actually, research related to the topic 
rely on epidemiological evidences or controversial reports form in vitro research (ul Haq et al., 
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2014). Hence the genetic polymorphism of bovine β-CN and the impact of A1_A1 and A2_A2 
remains an open matter. 
CONCLUSIONS 
Our results indicated that under the conditions of the present study, cows fed lower RDP 
and greater RUP proportions had greater milk, milk protein, casein, and lactose yields. There were 
no differences for casein as a percentage of protein between cows fed lower or greater RDP 
proportions. Hence, diet manipulation, particularly RDP:RUP ratio, could be a promising strategy 
to enhance milk and milk products quality.  There were differences on casein as a percentage of 
protein and numerical differences in milk and protein yield between homozygotes and 
heterozygotes for the three casein genetic variants (α, β, and κ). Selecting herds for desired milk 
protein alleles such as B_B homozygotes κ-CN, β-LG, and A1_A1 β-CN cows could beneficially 
impact the dairy industry by enhancing milk yields that yields greater quality and quantity cheese. 
Milk and milk protein yields differences were found between A1_A1 and A2_A2 cows but the 
genetic polymorphism of bovine β-CN and the impact of these two variants on human health still 
remains an open matter. 
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TABLES AND FIGURES 
Table 6.1. Experiments from which data were used in a pooled analysis to examine the correlation between Holstein cow’s casein genetic 
variant and diet (RDP) composition on Holstein feed intake on milk production 
Experiment Description Reference 
1 321 Holstein cows (6 primiparous and 12 multiparous) receiving a diet with corn silage treated with 
foliar fungicide to minimize disease prevalence and improve forage quality 
Wente et al. (2018) 
2 181 Holstein cows (6 primiparous and 12 multiparous) receiving a high rumen- degradable protein  
and low rumen-undegradable protein diet (RUP), a diet supplemented with a commercially available 
RUP source, and a diet supplemented with a  prototype RUP source based on canola and soybean 
meal   
Rivelli et al. (2018) 
3 151 Holstein cows receiving either a low starch diet or a high starch diet supplemented with different 
proportions of Saccharomyces cerevisiae (15g, 30g, and 45g) 
Knollinger et al. (2019) 
4 581 multiparous Holstein receiving the same diet to evaluate the effect of injectable trace minerals 
throughout an AF challenge      
Pate et al. (2018) 
5 161 multiparous Holstein receiving the same diet to evaluate the effect of  a commercially available 
aluminosilicate clay throughout an AF challenge      
Pate et al. (2018) 
6 241 Holstein cows (6 primiparous and 12 multiparous) receiving  the same diet either not 
supplemented with far or supplemented with fat  
Wente et al. (2019) 
7 81 multiparous Holstein receiving the same diet either without Lys supplementation or with Lys 
supplementation (i.e.; commercially available source and 2 prototypes tested) 
Rivelli et al. (2018) 
8 81 multiparous Holstein receiving the same diet either without Lys supplementation or with Lys 
supplementation (i.e.; commercially available source and 2 prototypes tested) 
Rivelli et al. (2018) 
9 81 multiparous Holstein receiving the same diet either without Lys supplementation or with Lys 
supplementation (i.e.; commercially available source and 2 prototypes tested) 
Rivelli et al. (2018) 
10 81 multiparous Holstein receiving the same diet either without Lys supplementation or with Lys 
supplementation (i.e.; commercially available source and 2 prototypes tested) 
Rivelli et al. (2018) 
11 181 multiparous Holstein receiving the same diet either without Lys supplementation or with Lys 
supplementation (i.e.; commercially available source and a prototype selected from experiments 7-10 
was tested) 
Rivelli et al. (2019) 
12 321 multiparous Holstein receiving the same diet to study the effect of Met supplementation on heat 
stress 
Pate et al. (2019) 
13 761 multiparous Holstein receiving the same diet throughout an AF challenge experiment Weatherly et al. (2018) 
1 The total number of animals in each experiment. 
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Table 6.2. Ruminal and intestinal digestibility assay of protein for experiments that fed different diets to cows throughout the study (n= 3)   
 Experiment 
 1  2  3 
Item A B C D SD  A B C SD  A B SD1 
DM 44.40 43.95 43.00 44.25 0.63  49.13 48.93 49.67 0.38  53.70 45.95 5.48 
% of DM               
   Protein2 16.00 16.70 16.85 17.15 0.49  14.63 15.00 15.77 0.58  17.95 18.35 0.28 
   Soluble protein3 6.80 6.35 6.75 7.85 0.64  7.90 8.27 8.00 0.19  4.25 5.50 0.88 
   Rumen degradable protein4 5.40 8.00 8.90 7.45 1.48  5.83 6.20 7.03 0.61  6.80 7.90 0.78 
   Rumen undegradable protein5 10.60 8.70 7.95 9.70 1.16  8.83 8.80 9.13 0.18  11.15 10.50 0.46 
   Intestinal digested protein6 6.90 5.80 4.50 6.30 1.02  5.60 5.70 5.57 0.07  7.40 6.70 0.49 
   Total tract digested protein7 12.30 13.80 13.40 13.75 0.70  11.43 11.90 12.60 0.59  14.20 14.60 0.28 
   Total tract undigested protein8 3.70 2.90 3.45 3.40 0.34  3.23 3.10 3.57 0.24  3.75 3.80 0.04 
% of protein               
   Protein, as is9 7.10 7.35 7.25 7.55 0.19  7.17 7.33 7.83 0.34  9.65 8.45 0.85 
   Soluble protein3 42.50 38.00 40.10 45.90 3.39  53.83 55.50 49.80 2.93  23.70 29.80 4.31 
   Rumen degradable protein4 33.85 47.85 52.85 43.55 8.07  39.53 41.17 43.67 2.08  37.95 43.05 3.61 
   Rumen undegradable protein5 66.15 52.15 47.15 56.45 8.07  60.47 58.83 56.37 2.06  62.10 56.95 3.64 
   Intestinal digested protein6 42.85 34.75 26.80 36.70 6.62  36.60 38.13 34.70 1.72  41.35 36.25 3.61 
      Intestinal digested protein, 
as % RUP 
65.10 66.70 56.40 64.85 4.65  63.50 65.03 61.10 1.98  66.45 63.80 1.87 
   Total tract digested protein7 76.70 82.60 79.65 80.25 2.43  78.13 79.30 78.37 0.62  79.15 79.30 0.11 
   Total tract undigested protein8 23.30 17.40 20.35 19.75 2.43  21.87 20.70 21.63 0.62  20.85 20.70 0.11 
1 Maximum between treatment standard deviation. 
2 Protein as nitrogen x 6.25 from Leco nitrogen combustion analysis (% as a DM basis).  
3 One hour water solubility filtered on 1.5 um filter, as-received particle size.  
4 Total protein less rumen-undegradable protein recovered on filter. 
5 16 hour incubation in rumen fluid in buffer, high group TMR, as received particle size recovered on filter.  
6 Protein that is rumen undegradable but digested in pepsin for 1 hour, then in trypsin, chymotrypsin, amylase, and lipase for 24 hours, as 
received particle size. 
7 Total protein less intestinal undigested residue recovered by 1.5 micron filter. 
8 Intestinal undigested residue, recovered on 1.5 micron filter. 
9 Protein as nitrogen x 6.25 from Leco nitrogen combustion analysis (% as received). 
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Table 6.3. Ruminal and intestinal digestibility assay of protein for experiments that fed the same diet to all the cows throughout the study (n= 9)   
 Experiment  
Item 4 5 6 7-10 11 12 SD1 
DM 46.15 47.70 46.00 47.65 45.15 46.80 1.00 
% of DM        
   Protein2 17.15 17.30 16.00 16.70 17.00 15.95 0.58 
   Soluble protein3 6.70 4.65 5.50 7.35 6.10 7.50 1.10 
   Rumen degradable protein4 7.35 5.85 5.15 6.00 6.40 6.08 0.72 
   Rumen undegradable protein5 9.85 11.50 10.85 10.70 10.60 9.90 0.62 
   Intestinal digested protein6 5.95 7.10 6.70 7.35 7.05 6.10 0.57 
   Total tract digested protein7 13.30 12.95 11.85 13.35 13.45 12.18 0.67 
   Total tract undigested protein8 3.90 4.40 4.15 3.35 3.55 3.80 0.38 
% of protein        
   Protein, as is9 7.90 8.20 7.35 7.95 7.70 7.48 0.32 
   Soluble protein3 38.90 26.80 34.20 43.95 35.75 46.98 7.23 
   Rumen degradable protein4 42.55 33.75 32.10 35.95 37.70 38.05 3.67 
   Rumen undegradable protein5 57.45 66.30 67.90 64.05 62.35 61.98 3.68 
   Intestinal digested protein6 34.85 41.10 41.95 43.80 41.30 38.08 3.20 
      Intestinal digested protein, as % RUP 60.40 61.65 61.75 68.75 66.40 61.58 3.34 
   Total tract digested protein7 77.40 74.85 74.05 79.75 79.00 76.13 2.27 
   Total tract undigested protein8 22.60 25.15 25.95 20.25 21.00 23.88 2.27 
2 Maximum between experiments standard deviation. 
3 Protein as nitrogen x 6.25 from Leco nitrogen combustion analysis (% as a DM basis).  
4 One hour water solubility filtered on 1.5 um filter, as-received particle size.  
5 Total protein less rumen-undegradable protein recovered on filter. 
6 16 hour incubation in rumen fluid in buffer, high group TMR, as received particle size recovered on filter.  
7 Protein that is rumen undegradable but digested in pepsin for 1 hour, then in trypsin, chymotrypsin, amylase, and lipase for 24 hours, as 
received particle size. 
8 Total protein less intestinal undigested residue recovered by 1.5 micron filter. 
9 Intestinal undigested residue, recovered on 1.5 micron filter. 
10 Protein as nitrogen x 6.25 from Leco nitrogen combustion analysis (% as received). 
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Table 6.4. Effect of β-casein genetic variants and diet (RDP) composition on Holstein feed 
intake and milk production (n = 169 cows) 
 
Treatment1 
 P-value 
  Contrasts
2 
 
Variable 
A1_A1 
(1) 
A2_A2 
(2) 
A1_A2 
(3) 
 
SEM 
1 
(1 vs. 2) 
2 
(1 and 2 vs. 3) 
DMI, kg/d 22.53 22.65 21.45 0.67 0.86 0.01 
BW, kg 689 683 666 14.72 0.72 0.05 
DMI, % of BW 3.20 3.34 3.21 0.09 0.15 0.38 
Milk yield       
   Milk yield, kg/d 35.65 34.20 33.82 0.61 0.03 0.01 
   3.5% FCM, kg/d 35.59 35.48 34.55 0.95 0.92 0.17 
   ECM, kg/d 35.17 35.04 34.09 0.90 0.89 0.14 
Milk composition       
   Fat, % 4.01 3.84 3.80 0.11 0.19 0.14 
   Fat, kg/d 1.29 1.27 1.23 0.05 0.76 0.19 
   Protein, % 3.22 3.20 3.19 0.04 0.77 0.68 
   Protein, kg/d 1.10 1.08 1.06 0.03 0.49 0.09 
   Casein, % 2.62 2.60 2.64 0.05 0.73 0.54 
   Casein, % protein 81.24 81.13 81.69 0.31 0.72 0.02 
   Casein, kg/d 0.85 0.86 0.86 0.03 0.75 0.91 
   Lactose, % 4.74 4.73 4.78 0.03 0.93 0.03 
   Lactose, kg/d 1.66 1.59 1.60 0.03 0.05 0.17 
   MUN, mg/dL 13.87 13.87 13.88 0.30 0.98 0.95 
3.5% FCM/DMI, 
kg/kg 
1.53 1.54 1.54 0.04 0.74 
0.61 
ECM/DMI, kg/kg 1.52 1.54 1.55 0.03 0.62 0.48 
Milk/DMI, kg/kg 1.50 1.49 1.52 0.04 0.76 0.43 
PUN, mg/dL 15.03 14.51 14.55 0.41 0.22 0.45 
1 Experiments (n=13) performed at the University of Illinois (Urbana-Champaign) from 2016 
to 2018.  A1_A1 (n=45), A2_A2 (n=58), A1_A2 (n=66). 
2 Contrasts 1 = A1_A1 compared with A2_A2, Contrast 2 = average A1_A1 and A2_A2 
compared with A1_A2. 
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Table 6.5. Effect of αS1-casein genetic variants  and diet composition on Holstein feed intake 
and milk production (n = 156 cows) 
 
Treatment1 
 P-value 
  Contrasts
2 
 
Variable 
A_A 
(1) 
B_B 
(2) 
A_B 
(3) 
 
SEM 
3 
(1 vs. 2) 
4 
(1 and 2 vs. 3) 
DMI, kg/d 23.28 23.36 22.15 0.72 0.16 0.36 
BW, kg 670 384 673 13.30 0.24 0.78 
DMI, % of BW 3.46 3.29 3.29 0.10 0.06 0.42 
Milk yield       
   Milk yield, kg/d 35.69 34.68 34.46 0.57 0.09 0.27 
   3.5% FCM, kg/d 36.44 35.62 .6.60 0.94 0.42 0.61 
   ECM, kg/d 36.11 35.22 36.28 1.06 0.37 0.57 
Milk composition       
   Fat, % 3.72 3.83 4.01 0.09 0.35 0.06 
   Fat, kg/d 1.30 1.28 1.34 0.06 0.73 0.38 
   Protein, % 3.19 3.21 3.29 0.05 0.74 0.13 
   Protein, kg/d 1.12 1.09 1.13 0.03 0.25 0.46 
   Casein, % 2.64 2.63 2.67 0.07 0.85 0.53 
   Casein, % protein 81.10 81.86 81.79 0.33 0.02 0.34 
   Casein, kg/d 0.90 0.88 0.86 0.02 0.53 0.32 
   Lactose, % 4.73 4.74 4.75 0.03 0.81 0.67 
   Lactose, kg/d 1.67 1.64 1.62 0.04 0.31 0.36 
   MUN, mg/dL 14.03 14.15 14.11 0.31 0.66 0.94 
3.5% FCM/DMI, 
kg/kg 
1.53 1.54 1.59 0.03 0.65 
0.11 
ECM/DMI, kg/kg 1.52 1.55 1.59 0.04 0.50 0.13 
Milk/DMI, kg/kg 1.52 1.52 1.55 0.04 0.94 0.51 
PUN, mg/dL 15.03 14.70 14.47 0.48 0.42 0.39 
1 Experiments (n=13) performed at the University of Illinois (Urbana-Champaign) from 2016 
to 2018.  A_A (n=52), B_B (n=54), A_B (n=50). 
2 Contrasts 3 =  A_A compared with B_B. Contrast 4 =  average A_A and A_B compared with 
B_B. 
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Table 6.6. Effect of κ-casein genetic variants and diet composition on Holstein feed intake and 
milk production (n = 151) 
 
Treatment1 
 P-value 
  Contrasts
2 
 
Variable 
A_A 
(1) 
B_B 
(2) 
A_B 
(3) 
 
SEM 
5 
(1 vs. 2) 
6 
(1 and 2 vs. 3) 
DMI, kg/d 21.45 22.54 21.62 0.53 0.07 0.06 
BW, kg 673 662 694 10.54 0.37 0.05 
DMI, % of BW 3.12 3.37 3.14 0.08 0.07 0.02 
Milk yield       
   Milk yield, kg/d 33.90 33.83 34.04 0.51 0.90 0.79 
   3.5% FCM, kg/d 34.10 35.43 34.71 0.84 0.14 0.21 
   ECM, kg/d 33.79 35.00 34.49 0.67 0.16 0.27 
Milk composition       
   Fat, % 3.75 3.89 3.80 0.08 0.19 0.23 
   Fat, kg/d 1.22 1.28 1.23 0.04 0.19 0.20 
   Protein, % 3.16 3.20 3.22 0.04 0.33 0.67 
   Protein, kg/d 1.05 1.08 1.08 0.02 0.26 0.63 
   Casein, % 2.59 2.64 2.58 0.04 0.25 0.18 
   Casein, % protein 81.28 81.06 81.76 0.25 0.37 0.05 
   Casein, kg/d 0.87 0.86 0.89 0.02 0.76 0.29 
   Lactose, % 4.74 4.75 4.77 0.03 0.96 0.69 
   Lactose, kg/d 1.58 1.59 1.64 0.03 0.76 0.42 
   MUN, mg/dL 13.65 14.19 14.01 0.27 0.04 0.13 
3.5% FCM/DMI, 
kg/kg 
1.54 1.53 1.55 0.03 0.89 
0.69 
ECM/DMI, kg/kg 1.54 1.53 1.56 0.03 0.73 0.47 
Milk/DMI, kg/kg 1.47 1.46 1.45 0.03 0.65 0.89 
PUN, mg/dL 14.51 14.95 14.67 0.34 0.24 0.29 
1 Experiments (n=13) performed at the University of Illinois (Urbana-Champaign) from 2016 
to 2018.  A_A (n=33), B_B (n=82), A_B (n=36).  
2 Contrasts 5 =   A_A compared with B_B. Contrast 6 = average A_A and A_B compared with 
B_B. 
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Figure 6.1. Effect of β-casein variants and total-tract digestible protein on milk casein yield. 
Milk casein yield A1_A1 = 0.17 + 0.22 × total-tract digestible protein. 
Milk casein yield A2_A2 = 0.24 + 0.22 × total-tract digestible protein. 
Milk casein yield A1_A2 = 0.36 + 0.19 × total-tract digestible protein. 
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Figure 6.2. Effect of β-casein variants and total-tract digestible protein on casein as a 
percentage of protein.  
Casein as a percentage of protein A1_A1 = 75.55 + 1.38  × total-tract digestible protein. 
Casein as a percentage of protein A2_A2 = 76.41 + 1.48 × total-tract digestible protein. 
Casein as a percentage of protein A1_A2 = 78.75 + 0.82 × total-tract digestible protein. 
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Figure 6.3. Effect of α-casein variants and total-tract digestible protein on milk casein yield. 
Milk casein yield A_A = 0.26 + 0.21 × total-tract digestible protein. 
Milk casein yield B_B = 0.36 + 0.18 × total-tract digestible protein. 
Milk casein yield A_B = - 0.04 + 0.32 × total-tract digestible protein. 
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Figure 6.4. Effect of α-casein variants and total-tract digestible protein on casein as a 
percentage of protein.  
Casein as a percentage of protein A_A = 78.15 + 0.79  × total-tract digestible protein. 
Casein as a percentage of protein B_B = 78.19 + 1.97 × total-tract digestible protein. 
Casein as a percentage of protein A_B = 75.95 + 1.02 × total-tract digestible protein. 
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Figure 6.5. Effect of κ-casein variants and total-tract digestible protein on milk casein yield. 
Milk casein yield A_A = 0.55 + 0.11 × total-tract digestible protein. 
Milk casein yield B_B = 0.17 + 0.24 × total-tract digestible protein. 
Milk casein yield A_B = 0.31 + 0.21 × total-tract digestible protein. 
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Figure 6.6. Effect of κ-casein variants and total-tract digestible protein on casein as a 
percentage of protein.  
Casein as a percentage of protein A_A = 79.49 + 0.82  × total-tract digestible protein. 
Casein as a percentage of protein B_B = 78.25 + 0.91 × total-tract digestible protein. 
Casein as a percentage of protein A_B = 75.16 + 1.70 × total-tract digestible protein. 
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CHAPTER VII.  SUMMARY, CONCLUSIONS, AND PERSPECTIVES 
World population growth will lead to greater milk production to accommodate a 36% 
increase in milk consumption and contribute to fight hunger and food insecurity for the following 
5 decades. As milk production increases, it will have to occur in an environmentally sustainable 
way to satisfy consumer’s preference while at the same timebeing profitable for dairy producers. 
Dairy cows can excrete up to 3 times more N in their manure than in their milk, resulting in greater 
milk production costs and environmental concerns. Hence, enhancing nitrogen efficiency will help 
dairy farms to reduce NH3 emissions that have a negative impact on human respiratory health 
problems, and aquatic eutrophication and acidification.  
Dietary protein manipulation could be an effective nutritional strategy for the dairy industry 
to reduce feeding cost and environmental impacts while at the same time increasing milk and milk 
protein yields. Rumen protected technologies could help to lower the total amount of CP offered, 
and enhance milk production and N efficiency. For instance, feeding lower RDP and greater RUP 
concentrations to cows reduces the amounts of NH3 produced in the rumen, absorbed into the 
blood, converted into urea in the liver, and excreted in the urine. Hence to meet MP requirements 
without excessive N, rations must be balanced for RUP, RDP, and AA. Feeding lower CP with 
greater RUP proportions leads to greater milk and milk protein yield with lower N losses to the 
environment.  
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Dairy products vastly contribute to human diets due to their nutritional value. Not only 
from the dairy industry but also from human wellbeing perspective, milk protein yield and milk 
protein composition are both important. For instance, the greater the CN content in milk, the 
greater cheese yields. Following their enzymatic hydrolysis (i.e.; digestion or food processing), 
milk proteins are involved in many important biological processes due to some peptides that 
remain physiologically active. These bioactive peptides were linked to humans’ health benefits 
such as antimicrobial, antioxidant, antithrombotic, and immunomodulatory activities; gut 
secretions and motility modulation, among others. However, there are increasing epidemiological 
evidences linked to the prevalence of diseases due to casomorphism derived from the β-CN 
produced by A1_A1 cows (i.e.; food allergy, obesity, diabetes, cardiovascular disease, etc.). 
Although milk from A1_A1 cows has been labeled as “the devil in the milk”, some researchers 
linked these peptides as physiologically beneficial to animals. Therefore, it is our job as scientists 
and educators to better understand the scope and implications that A1_A1 milk has in humans’ 
health. Furthermore, as dairy researchers, we need to better understand how milk processing can 
either activate or inactivate harmful peptides in order to build an efficient, productive, and 
profitable dairy industry without compromising human’s wellbeing.     
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APPENDIX. COMPLEMENTARY TABLES 
Table A1. Least squares means and associated SEM of soluble fraction, digestible fraction, 
indigestible fraction, fractional rate of digestion (kd), and effective degradability (ED) for bags 
inserted into the rumen of control cows supplemented with a canola meal source (CON), cows 
fed a diet supplemented with a soybean meal source (TSBM), and cows fed a diet 
supplemented with a blend of canola meal and soybean meal source (TCSM) throughout the 
study for 0, 2, 4, 8, 16, and 24 hours 
      P- value 
  Treatment  Contrast1 
Variable CON TSBM CSM SEM 1 2 
OM       
    Soluble 0.09 0.10 0.10 0.02 0.84 0.87 
    Digestible 0.51 0.39 0.41 0.03 0.06 0.72 
    Indigestible 0.40 0.50 0.49 0.03 0.10 0.82 
    Kd, h-1 0.154 0.165 0.152 0.03 0.96 0.82 
    ED2 0.46 0.39 0.39 0.02 0.04 0.94 
CP       
    Soluble 0.07 0.07 0.08 0.02 0.47 0.64 
    Digestible 0.44 0.33 0.29 0.14 0.22 0.71 
    Indigestible 0.50 0.59 0.63 0.08 0.27 0.78 
    Kd, h-1 0.149 0.139 0.153 0.11 0.97 0.40 
    ED2 0.38 0.32 0.26 0.05 0.13 0.39 
1 Contrasts were 1 = CON compared with TCSM; 2 = TSBM compared with TCSM. 
2 Effective degradability (ED) = soluble fraction + digestible fraction × [kd/(kd+kp)]. Rate of 
passage from the rumen (kp) assumed to be 0.06 
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Table A2. Least squares means and associated SEM for plasma AA profile  response of the basal lactation diet fed to negative control cows fed 
the basal TMR + 150g of ground corn (CON), positive control cows fed the basal TMR + 150g of a commercially-available Rumen protected 
lysine source (AJP), cows fed the basal TMR + 150g of a non-commercially-available Rumen protected lysine source (A), and 150g of a non-
commercially-available Rumen protected lysine source (B) throughout phase 1 of  Experiment 1 
 Treatment1  P-value 
Amino Acids and Metabolites CON AJP A B SEM 
Contrasts2 
1 2 3 
Indispensable, μM/L 
Arginine 80.01 80.10 79.39 83.13 3.40 0.98 0.86 0.45 
Histidine 43.62 44.29 47.04 47.10 1.82 0.79 0.28 0.27 
Isoleucine 135.7 130.5 130.4 136.8 6.11 0.39 0.98 0.30 
Leucine 175.2 173.8 176.3 181.1 5.91 0.86 0.76 0.38 
Lysine 85.86 93.56 86.77 90.12 3.42 0.10 0.16 0.47 
Methionine 28.41 27.26 27.72 28.13 1.05 0.43 0.75 0.55 
Phenylalanine 44.52 42.50 41.94 42.34 1.59 0.31 0.78 0.94 
Threonine 110.5 106.4 112.5 114.6 4.52 0.49 0.30 0.17 
Tryptophan 30.79 31.21 32.38 32.45 1.12 0.73 0.35 0.32 
Valine 337.4 336.3 349.5 354.5 10.94 0.94 0.38 0.23 
Dispensable, μM/L 
Alanine 280.3 260.4 266.1 276.1 9.51 0.14 0.67 0.24 
Asparagine 48.48 47.63 48.48 50.35 2.08 0.15 0.75 0.31 
Aspartic acid 6.00 5.81 5.75 5.81 0.24 0.57 0.84 0.98 
Cysteine 22.19 20.32 20.79 23.05 1.53 0.39 0.82 0.21 
Glutamine 250.5 244.2 257.5 265 12.61 0.65 0.34 0.14 
Glutamic acid 48.38 43.97 43.60 45.05 1.68 0.06 0.87 0.64 
Glycine 360.0 345.7 385 374.8 16.37 0.49 0.06 0.17 
Proline 83.95 82.62 85.62 89.02 3.30 0.76 0.50 0.15 
Serine 94.29 90.89 96.78 95.78 3.93 0.48 0.22 0.32 
Tyrosine 46.47 45.45 46.06 48.20 2.64 0.70 0.82 0.31 
Metabolites μM/L 
 α-amino-adipic acid 9.43 9.94 9.86 11.11 0.54 0.36 0.89 0.04 
 α-amino-n-butyric acid 14.09 13.33 12.88 13.98 1.28 0.41 0.63 0.47 
 Carnosine 14.57 14.11 15.50 16.53 0.60 0.58 0.09 0.04 
 Citrulline 102.9 109.3 110.4 112.3 7.97 0.34 0.86 0.65 
 Cystathionine 1.72 1.73 1.80 1.79 0.08 0.88 0.52 0.58 
γ-amino-butyric acid 1.37 1.46 1.42 1.62 0.10 0.41 0.70 0.16 
 Homocystine 4.42 4.10 4.20 4.57 0.23 0.14 0.65 0.03 
 Hydroxyproline 11.92 12.03 11.98 12.18 0.48 0.86 0.94 0.81 
Ornithine 47.16 49.46 51.14 60.64 2.23 0.41 0.55 0.67 
Phosphoserine 11.20 11.00 10.80 12.85 0.84 0.86 0.86 0.12 
Sarcosine 16.02 16.37 16.44 17.14 0.70 0.68 0.93 0.37 
Taurine 61.80 58.97 59.21 62.24 3.33 0.49 0.95 0.42 
Urea 5064 5244 5399 5303 293 0.46 0.53 0.81 
1-methyl-histidine 13.51 12.65 12.65 13.78 0.57 0.18 0.99 0.07 
3-methyl-histidine 3.76 3.49 3.55 3.82 0.15 0.19 0.74 0.12 
1 Experiment 1, phase 1. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with A; and 3 = AJP compared with B. 
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Table A3. Least squares means and associated SEM for plasma AA profile  response of the basal lactation diet fed to negative control cows fed 
the basal TMR + 150g of ground corn (CON), positive control cows fed the basal TMR + 150g of a commercially-available Rumen protected 
lysine source (AJP), cows fed the basal TMR + 150g of a non-commercially-available Rumen protected lysine source (C), and 150g of a non-
commercially-available Rumen protected lysine source (D) throughout phase 2 of  Experiment 1 
 Treatment1  P-value 
Amino Acids and Metabolites CON AJP C D SEM 
Contrasts2 
1 2 3 
Indispensable, μM/L 
Arginine 70.81 71.96 67.97 69.47 2.92 0.77 0.33 0.54 
Histidine 43.37 47.48 44.62 45.61 1.75 0.11 0.26 0.46 
Isoleucine 113 110 108 108 4.93 0.72 0.81 0.72 
Leucine 151 152 148 146 6.93 0.88 0.61 0.47 
Lysine 77.58 86.17 82.55 79.21 3.37 0.08 0.45 0.16 
Methionine 23.31 23.53 22.73 22.74 1.30 0.89 0.63 0.64 
Phenylalanine 42.44 42.49 43.82 39.74 1.95 0.98 0.59 0.27 
Threonine 87.92 93.58 87.31 85.47 5.12 0.31 0.27 0.16 
Tryptophan 35.43 36.20 34.85 33.85 1.99 0.64 0.41 0.16 
Valine 267 273 260 261 12.23 0.67 0.36 0.41 
Dispensable, μM/L 
Alanine 218 238 216 207 10.76 0.17 0.14 0.05 
Asparagine 39.41 40.70 38.39 39.36 2.21 0.65 0.42 0.63 
Aspartic acid 4.85 5.02 5.19 5.18 0.36 0.72 0.75 0.76 
Cysteine 17.93 18.92 17.38 18.28 0.92 0.25 0.08 0.45 
Glutamine 213 239 210 224 8.26 0.03 0.02 0.23 
Glutamic acid 32.80 35.06 33.96 32.26 1.78 0.27 0.59 0.17 
Glycine 230 270 247 237 17.92 <0.01 0.10 0.02 
Proline 69.57 72.84 65.89 66.91 4.19 0.44 0.11 0.17 
Serine 72.66 78.33 72.71 70.52 4.16 0.19 0.19 0.08 
Tyrosine 42.59 41.95 41.10 40.07 2.25 0.78 0.71 0.42 
Metabolites μM/L 
 α-amino-adipic acid 11.38 11.94 10.58 11.03 0.85 0.65 0.23 0.46 
 α-amino-n-butyric acid 12.99 13.94 11.46 13.05 1.30 0.47 0.07 0.50 
 Carnosine 17.90 17.00 17.22 16.20 1.63 0.69 0.92 0.73 
        Citrulline 78.93 83.86 77.19 79.50 3.32 0.26 0.13 0.32 
Cystathionine 1.59 1.67 1.49 1.45 0.12 0.51 0.17 0.09 
γ-amino-butyric acid 0.95 0.95 1.02 0.74 0.22 0.98 0.83 0.49 
 Homocystine 4.15 4.30 4.19 4.01 0.28 0.66 0.75 0.39 
 Hydroxyproline 9.02 10.33 8.82 8.93 0.60 0.03 0.01 0.02 
Ornithine 43.49 46.27 42.64 44.21 2.44 0.26 0.14 0.39 
Phosphoserine 7.02 7.98 7.35 7.25 0.33 0.04 0.16 0.11 
Sarcosine 12.97 14.95 13.30 12.51 0.94 0.09 0.15 0.04 
Taurine 45.60 47.18 42.33 40.95 2.25 0.58 0.11 0.04 
Urea 4229 4704 4531 4658 162 0.05 0.46 0.84 
1-methyl-histidine 11.70 12.94 12.05 11.24 0.52 0.09 0.23 0.03 
3-methyl-histidine 3.11 3.81 3.08 3.19 0.29 0.09 0.09 0.14 
1 Experiment 1, phase 2. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with C; and 3 = AJP compared with D. 
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Table A4. Least squares means and associated SEM for plasma AA profile  response of the basal lactation diet fed to negative control cows fed 
the basal TMR + 150g of ground corn (CON), positive control cows fed the basal TMR + 150g of a commercially-available Rumen protected 
lysine source (AJP), cows fed the basal TMR + 150g of a non-commercially-available Rumen protected lysine source (E), and 150g of a non-
commercially-available Rumen protected lysine source (F) throughout phase 3 of Experiment 1 
 Treatment1  P-value 
Amino Acids and Metabolites CON AJP E F SEM 
Contrasts2 
1 2 3 
Indispensable, μM/L 
Arginine 81.34 84.78 83.91 84.51 3.17 0.33 0.80 0.94 
Histidine 41.57 38.99 38.15 44.96 2.04 0.38 0.77 0.04 
Isoleucine 115 110 113 104 5.08 0.45 0.73 0.33 
Leucine 153 144 148 141 6.16 0.20 0.54 0.74 
Lysine 90.67 99.39 94.28 88.17 4.40 0.09 0.32 0.04 
Methionine 28.23 29.16 26.97 29.48 0.90 0.45 0.09 0.79 
Phenylalanine 40.52 38.52 38.71 37.26 1.62 0.23 0.84 0.54 
Threonine 119 113 116 114 3.95 0.19 0.47 0.81 
Tryptophan 37.48 35.72 37.30 36.17 1.24 0.20 0.25 0.74 
Valine 271 254 261 253 9.61 0.09 0.46 0.97 
Dispensable, μM/L 
Alanine 262.2 280.2 279.6 277.4 9.60 0.09 0.95 0.79 
Asparagine 52.61 55.39 54.48 55.43 2.50 0.26 0.71 0.98 
Aspartic acid 5.79 5.56 6.38 6.99 0.34 0.13 0.72 0.38 
Cysteine 29.39 28.40 26.86 28.96 1.24 0.54 0.36 0.73 
Glutamine 226.3 236.9 241.1 253.3 9.06 0.20 0.61 0.05 
Glutamic acid 34.11 38.40 35.93 33.97 1.78 0.01 0.13 0.01 
Glycine 394.3 423.4 390.6 427 22.70 0.07 0.04 0.82 
Proline 87.28 90.92 87.62 89.98 2.66 0.21 0.26 0.74 
Serine 101.7 109.3 101.1 104.2 3.76 0.06 0.05 0.19 
Tyrosine 48.90 47.15 48.27 46.71 2.47 0.44 0.62 0.85 
Metabolites μM/L 
 α-amino-adipic acid 8.33 7.80 8.06 7.91 0.50 0.35 0.65 0.84 
 α-amino-n-butyric acid 4.33 6.14 7.51 3.43 2.63 0.49 0.60 0.31 
 Carnosine 10.56 9.93 10.40 9.79 0.51 0.30 0.43 0.82 
 Citrulline 114.7 109.9 110.3 119.7 3.80 0.38 0.94 0.08 
 Cystathionine 2.81 2.62 2.46 2.87 0.10 0.16 0.26 0.08 
γ-amino-butyric acid 0.54 0.13 0.32 0.58 0.23 0.14 0.48 0.10 
 Homocystine 5.11 5.85 5.77 5.97 0.41 0.19 0.89 0.82 
 Hydroxyproline 10.04 9.61 9.26 11.30 0.73 0.62 0.67 0.05 
Ornithine 52.47 53.80 51.98 53.87 2.76 0.63 0.51 0.98 
Phosphoserine 7.69 7.76 7.94 7.60 0.31 0.84 0.62 0.65 
Sarcosine 16.23 15.62 12.45 16.76 2.33 0.81 0.22 0.65 
Taurine 70.02 60.87 59.78 64.61 4.70 0.18 0.87 0.58 
Urea 4347 4448 4229 4717 213 0.63 0.61 0.21 
1-methyl-histidine 1.42 2.34 2.14 4.00 0.92 0.47 0.88 0.20 
3-methyl-histidine 2.13 2.21 2.29 1.94 0.18 0.63 0.57 0.09 
1 Experiment1, phase 3. 
1 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with E; and 3 = AJP compared with F. 
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Table A5. Least squares means and associated SEM for plasma AA profile  response of the basal lactation diet fed to negative control cows fed 
the basal TMR + 150g of ground corn (CON), positive control cows fed the basal TMR + 150g of a commercially-available Rumen protected 
lysine source (AJP), cows fed the basal TMR + 150g of a non-commercially-available Rumen protected lysine source (G), and 150g of a non-
commercially-available Rumen protected lysine source (H) throughout phase 4 of Experiment 1 
 Treatment1  P-value 
Amino Acids and Metabolites CON AJP G H SEM 
Contrasts2 
1 2 3 
Indispensable, μM/L 
Arginine 74.59 74.33 77.14 76.76 3.25 0.95 0.52 0.57 
Histidine 47.49 46.69 45.29 49.40 3.12 0.85 0.74 0.53 
Isoleucine 106 108 118 112 5.09 0.82 0.17 0.63 
Leucine 143 141 154 149 6.04 0.81 0.12 0.37 
Lysine 82.70 91.56 91.45 90.08 4.26 0.14 0.98 0.80 
Methionine 27.47 26.64 28.72 29.14 1.31 0.66 0.27 0.19 
Phenylalanine 36.69 35.13 39.44 39.16 1.74 0.46 0.05 0.06 
Threonine 106 103 104 110 4.35 0.59 0.77 0.20 
Tryptophan 30.72 31.37 31.05 31.27 1.23 0.57 0.77 0.93 
Valine 241 244 256 249 8.32 0.79 0.31 0.67 
Dispensable, μM/L 
Alanine 270 275 271 269 9.58 0.71 0.76 0.63 
Asparagine 48.93 47.88 49.94 50.75 1.96 0.69 0.42 0.28 
Aspartic acid 7.35 6.31 7.32 7.42 0.33 0.01 0.01 < 0.01 
Cysteine 27.95 25.53 24.25 27.30 1.73 0.32 0.59 0.47 
Glutamine 267.6 259 263.6 267.8 5.82 0.28 0.57 0.28 
Glutamic acid 50.27 47.73 57.57 49.48 3.76 0.53 0.22 0.66 
Glycine 397 374.6 369.6 384.5 19.40 0.16 0.75 0.53 
Proline 93.40 93.22 90.05 97.37 3.58 0.97 0.51 0.38 
Serine 105 102 103 109 6.72 0.61 0.80 0.23 
Tyrosine 45.99 44.66 50.08 49.71 2.29 0.68 0.11 0.13 
Metabolites μM/L 
 α-amino-adipic acid 7.32 7.26 7.41 7.43 0.47 0.88 0.68 0.67 
 α-amino-n-butyric acid 16.27 15.85 16.47 14.06 0.94 0.75 0.64 0.19 
 Carnosine 14.13 12.51 13.04 13.61 1.07 0.16 0.63 0.32 
 Citrulline 88.55 87.01 82.36 89.50 5.72 0.84 0.55 0.75 
 Cystathionine 2.65 2.50 2.53 2.87 0.11 0.35 0.82 0.03 
γ-amino-butyric acid 2.64 1.97 2.24 2.20 0.46 0.10 0.50 0.56 
 Homocystine 8.18 7.09 8.55 8.81 0.71 0.18 0.08 0.04 
 Hydroxylysine 0.69 0.67 0.76 0.47 0.14 0.90 0.62 0.29 
 Hydroxyproline 10.70 11.27 10.27 11.44 0.71 0.45 0.19 0.81 
Ornithine 47.14 50.32 47.13 49.85 3.10 0.48 0.48 0.91 
Phosphoserine 10.77 10.50 10.50 9.41 0.51 0.68 0.99 0.11 
Sarcosine 13.11 8.78 10.14 11.28 1.83 0.007 0.35 0.09 
Taurine 70.19 61.38 61.61 74.37 5.94 0.30 0.98 0.14 
Urea 4319 4483 4509 4744 152 0.41 0.89 0.20 
1-methyl-histidine 10.63 11.51 10.81 10.75 0.55 0.09 0.18 0.15 
3-methyl-histidine 3.07 2.78 3.08 2.97 0.14 0.17 0.15 0.35 
1 Experiment 1, phase 4. 
2 Contrasts were 1 = AJP compared with CON; 2 = AJP compared with G; and 3 = AJP compared with H. 
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Table A6. Least squares means and associated SEM for plasma AA profile  response of the basal lactation diet fed to negative control cows fed 
the basal TMR + 150g of molasses (CON), positive control cows fed the basal TMR + commercially-available rumen-protected lysine source 
(AJP), and cows fed the basal TMR + a rumen-protected lysine prototype source (NPL) throughout Experiment 2 
 Treatment1 
SEM 
P-value 
Amino Acids and Metabolites CON AJP NPL 
Contrasts2 
1 2 
Indispensable, μM/L 
Arginine 77.73 76.49 77.41 2.23 0.90 0.72 
Histidine 47.17 41.93 40.23 2.31 <0.01 0.46 
Isoleucine 120 117 115 4.87 0.29 0.73 
Leucine 145 142 139 5.85 0.23 0.51 
Lysine 81.42 85.11 83.80 2.94 0.39 0.63 
Methionine 30.48 27.97 28.86 1.12 0.19 0.47 
Phenylalanine 42.03 42.16 40.17 1.28 0.17 0.14 
Threonine 115 105 112 4.33 0.49 0.10 
Tryptophan 35.80 33.80 33.80 0.94 <0.01 0.99 
Valine 243 239 234 10.44 0.24 0.54 
Dispensable, μM/L 
Alanine 248 234 240 6.64 0.29 0.40 
Asparagine 47.74 43.90 45.65 1.68 0.28 0.37 
Aspartic acid 6.43 6.03 6.19 0.19 0.30 0.49 
Cysteine 12.85 12.79 12.04 0.52 0.17 0.21 
Glutamine 254 235 249 7.06 0.58 0.10 
Glutamic acid 57.19 58.90 58.32 2.39 0.68 0.84 
Glycine 252 232 242 7.41 0.11 0.14 
Proline 72.83 66.47 70.93 1.40 0.49 0.12 
Serine 75.19 69.80 74.01 1.88 0.59 0.06 
Tyrosine 51.23 47.59 48.61 2.18 0.19 0.61 
Metabolites μM/L 
 α-amino-adipic acid 7.64 7.98 7.81 0.35 0.58 0.57 
 α-amino-n-butyric acid 10.97 10.79 11.72 0.43 0.06 0.02 
 Carnosine 11.71 10.85 10.83 0.40 0.08 0.96 
 Citrulline 79.54 77.24 76.10 1.65 0.15 0.63 
 Cystathionine 1.92 1.75 1.89 0.07 0.74 0.06 
γ-amino-butyric acid 2.75 2.86 2.92 0.13 0.10 0.54 
 Homocystine 5.39 5.49 5.63 0.31 0.29 0.54 
 Hydroxyproline 12.65 11.88 11.90 0.36 0.12 0.96 
Ornithine 46.02 46.33 46.18 1.74 0.91 0.91 
Phosphoserine 10.32 10.85 10.58 0.40 0.50 0.47 
Sarcosine 16.09 15.33 15.63 0.57 0.58 0.71 
Taurine 56.79 54.09 55.60 1.67 0.49 0.41 
Urea 5684 5666 5761 121 0.57 0.48 
1-methyl-histidine 11.45 11.02 11.21 0.31 0.34 0.43 
3-methyl-histidine 3.62 3.51 3.39 0.14 0.08 0.34 
1 Experiment 2.  
2 Contrasts were = CON compared with NPL and 2 = AJP compared with NPL 
 
